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ABSTRACT
METABOLIC PROFILING AND POLYMER FORMATION OF GENE SILENCED POTATO
PERIDERMS
By
Qing Cai
Advisor: Ruth E. Stark

Suberin is a biopolyester constituent of specialized plant periderm tissues formed within
the phellem cell walls. Suberin and waxes of the periderm layer act to prevent water diffusion,
mechanical breakdown and pathogenic invasion in plants. Ferulic esters, ω-hydroxyacids and
α,ω-fatty diacids are considered to be the most important linkage between aliphatic and aromatic
suberin domains and also linked with cell-wall polysaccharides. The potato gene FHT (fatty ωhydroxyacid/fatty alcohol hydroxycinnamoyl transferase) esterifies ferulic acid to suberin.
Diminished levels of feruloyl transferase activity have been associated with lowered amounts of
feruloyl esters of fatty acids in both suberin-associated waxes and suberin breakdown products
derived from transesterification. The Cytochrome P450 monooxygenase (CYP) enzyme controls
the key step of ω-hydroxylation of fatty acids in the aliphatic suberin biosynthesis of potato
suberin. FHT or CYP knockdown by RNAi silencing are accompanied by increases in periderm
water permeability. Whereas, FHT has unaltered periderm ultrastructure, CYP86A33 variety
loses the characteristic lamellar structure of its suberized tissues.
To investigate how the potato suberin biosynthesis pathway are affected by FHT-RNAi
and CYP-RNAi silencing, a bottom-up approach was used to establish metabolite profiles for
polar and non-polar periderm tissue extracts by LC/GC-MS and solution NMR measurements.
iv

Solid suspensions obtained after polar and nonpolar extractions were assessed by solid-state 13C
NMR.
Metabolomic analyses (PCA and OPLS-DA) showed consistency among biological
replicates and discrimination between FHT-RNAi or CYP-RNAi and wild type samples.
Identified biomarkers included alkanes, α,ω-fatty diacids, fatty acids/alcohols with different
chain length and glyceryl esters in the non-polar extract. In the polar extract, the phenolic amines
(caffeoylputrescine, feruloylputrescine and feruloyltyramine) are highly abundant for FHT-RNAi
varieties. The glycoalkaloids (-solanine, -chaconine and solanidine-Glc-Rha) are downregulated markers for the FHT-RNAi periderm. Reversely, they are up-regulated markers for
CYP-RNAi periderm that may function as plant hormones or antimicrobial compounds.
The relative numbers of each major carbon type in the solid residue were estimated from
quantitatively reliable DPMAS 13C NMR spectra. The FHT-RNAi and CYP-RNAi varieties have
higher oxygenated aromatic-to-(CH2)n and oxygenated-aliphatic-to-(CH2)n ratios than WT. These
compositional trends indicate an enhanced hydrophilic-hydrophobic balance in FHT-RNAi
suberin samples, consistent with augmented water permeability and reduced relative amounts of
fatty acid and fatty alcohol-containing polymeric products deduced from suberin breakdown.
These trends were interpreted in terms of the biosynthetic transformations involved in potato cell
wall suberization.
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1. Introduction
1.1 Potato Suberin
1.1.1 Native Periderm
The native periderm of potato tuber periderm consists of three distinct types of cells: (1)
phellem, (2) phellogen, and (3) phelloderm (Fig. 1-1A) (Lendzian, 2006). A well-developed
periderm is the primary barrier to protect the potato tuber against disease, insects, dehydration,
and physical intrusions (Lulai 2001). Periderm maturation starts after growth ceases and this
process generally requires about three weeks (Murphy, 1968). Phellogen cells will become
suberized, die, and form the protective layer in the field (Lulai and Orr, 1993). Suberized
periderm cells are typically present as translucent lamellae when suberin is deposited within the
cell walls (Fig. 1-1B). Suberin is located below the primary cell wall, usually close to the plasma
membrane. In TEM photomicrographs (Fig. 1-1C), it appears as alternating bands of light and
dark staining material between the cell wall and plasma membrane (Lulai, 2007). Suberin is
formed in the cell wall as a continuous deposit or secondary cell wall that overlays the
polysaccharide primary cell wall from the inside (Esau, 1965).

1

A

B

C

Figure 1-1 Periderm structure. (A) TEM of potato tuber periderm made up of phellem (PM),
phellogen (PG) and phelloderm (PD), which are regularly arranged in contrast to the
parenchymatic cortical cells (Lendzian, 2006); (B) Schematic view of Arabidopsis suberized root
cells (http://lipidlibrary.aocs.org/plantbio/polyesters/index.htm); (C) TEM of typical lamellar
deposition within the cell walls, showing tertiary wall (TW), suberized wall (SW), and primary
wall (PW) (Serra et al., 2010).

Suberin is thought to be a cross-linked biopolymer which represents about 50% by
weight of the chemical composition of suberized cell walls (Garbow et al. 1989; Graça and
Santos 2007a). This polymer can hold potato wax and other embedded small soluble molecules,
such as n-alkanes, alkanols, fatty acids, diacids and phenolics (ferulic acid, chlorogenic acid,
glycoalkaloids). Those compounds may act as the precursors, intermediates or end point, which
can be directly or indirectly involved in suberin biosynthesis. Therefore, identification of those
small molecules will be also very helpful for completing the map of its biosynthesis pathway.
And understanding how plants protect themselves from dehydration pathogens.

Depolymerization reactions like hydrolysis, alcoholysis or hydrogenolysis can break the
ester bonds of suberin. The methanolysis method, using NaOCH3 as a strong agent, can
depolymerize up to 50% of potato suberin to soluble monomers, which can be identified
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subsequently by gas chromatography coupled to mass spectrometry (GC-MS). The main
constituents of suberin have been reported to be fatty acids, fatty alcohols, long-chain aliphatics,
α,ω-dicarboxylic acids and ω-hydroxyacids, together with glycerol and ferulic acid (Yang and
Bernards, 2007). Alternatively, the suberin oligomers have been obtained by partial
depolymerization (10%) with calcium oxide and identification with electrospray ionization
coupled to tandem mass spectrometry (ESI-MS/MS) analysis (Graça and Santos, 2007a; Graça et
al., 2015). Linearly linked α,ω-dicarboxylic acids and ω-hydroxyacid esters or glyceryl and
feruloyl esters were found as fragments of the macromolecule of suberin. (Shepherd et al. 2007;
Bernards 2002; José Graça and Santos 2006a; Pollard et al. 2008) However, incomplete
depolymerization compromises these analyses and the determination of how these monomeric
units assemble at the macromolecular level remains poorly understood.

The periderm of potato has highly suberized cell walls and it viewed model of choice for
such studies because transgenic plants can be produced in reasonable time and sufficient
amounts of periderm can easily be obtained from tubers for chemical and physiological studies
(Vogt et al., 1983; Schreiber et al., 2005).

1.1.2 Scab of Potato
Common scab of potato (Solanum tuberosum) is typically caused by infection with the
soil bacterium Streptomyces scabies, which is one of the most important diseases in many
potato-producing areas of the world (Fig. 1-2) (Hill and Lazarovits 2005; Loria et al. 2006). Even
though scab has a limited effect on tuber yield, it greatly affects the tuber quality during stock
processing and reduces the market value of the product. Scabs appear during summer and persist
on harvested tubers throughout storage, especially during dry years (Healy et al. 2000; Liu et al.
3

1996). SEM analysis showed that the native periderms of the scab area had been significantly
changed. There are about four Streptomyces species that can cause scab disease (Streptomyces
scabies, Streptomyces acidiscabies, Streptomyces turgidiscabies and Streptomyces ipomoeae)
(Healy et al., 2000). Among these species, S. scabies is the major plant pathogen of the genus
Streptomyces worldwide. Various control measures have been tried, but so far there is still
relatively inadequate and inconsistent management for the common scab of potato (Singhai et al.
2011). Thus effective control of this disease remains elusive, and metabolomic study of scabbed
and healthy potato tubers could help us develop a new way to control potato scab disease.

A

B

Figure 1-2 Potato periderm.
(A) Normal potato tuber (B) Streptomyces scabies on potato tuber.
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1.1.3 Wound-Healing Potato
Wound periderm is histologically similar to the native periderm (Sabba and Lulai, 2002),
and suberization during the wound healing process is essential for protecting tubers that are
injured during growth, harvest and seed cutting (Lulai and Crop, 1998; Neubauer et al., 2012).
The healing process has to restore two barriers, both equally important for survival and for crop
management: the defensive barrier mainly based on oxidized phenols and the hydric barrier
mainly depending on extracellular lipids (suberin, waxes). It proceeds in two stages. First is the
formation of the wound CLOSING LAYER with the increase in oxidized phenols and the
deposition of suberin-like and lignin-like polymers before cell death. In potato this process takes
0-24/48 h. Second is the formation of a WOUND PERIDERM, only produced by secondary
organs and tubers (Fig. 1-3) (Dean and Kolattukudy, 1976; Lulai and Crop, 1998; Neubauer,
2012). Potato tuber wound periderm developed after healing has been the model of choice for
studying the wound periderm by several authors (Bernards et al., 1995; Graça and Santos, 2007;
Dastmalchi, Cai, Zhou, et al., 2014).

Figure 1-3 Periderm structure after wound healing (Neubauer et al., 2012)
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1.2 Macromolecular Structure of Suberin
Based on previous studies of suberin from depolymerization analysis and solid-state 13C
NMR spectroscopy of the intact suberized cell walls, two major models for suberin
macromolecular structure have been proposed by Mark Bernards (Fig. 1-4) and JoséGraça (Fig.
1-5) (Bernards, 2002; JoséGraça and Santos, 2007).

Figure 1-4 Tentative model for the structure of potato suberin by Bernards (2002).
The suberin poly(phenolic) domain (SPPD, dark band); the suberin poly(aliphatic) domain
(SPAD, light band).
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Figure 1-5 Proposed model of the suberin macromolecular structure by JoséGraça (2007).
Bernards’ model (2002) was developed by BF3–MeOH and NaOCH3 depolymerization of
the potato periderms produced in the wound-healing process (Fig. 1-4). The proposed suberin
has a lamellar structure with a repeat unit, which includes dark and light bands: the suberin
polyaliphatic domain (SPAD, light band) and the suberin polyphenolic domain (SPPD, dark
band). The SPPD is spatially distinct from the SPAD based on NMR studies (Stark and Garbow,
1992; Lopes et al., 2000), and it is thought to be covalently attached to carbohydrate units of the
primary cell wall. The SPAD is constituted by long-chain saturated and unsaturated fatty acids,
n-alkanol and α,ω-diacid monomers anchored to glycerol. The length of the alkyl chain varies,
with dominant chain lengths of 16, 18, or 22 carbons. Moreover, ferulate esters of long-chain
fatty alcohols have been proposed to act as plasticizers when integrated into the aliphatic domain
(Bernards, 2002)
7

The second model of suberin proposed by José Graça is shown in Fig. 1-5 (Graça and
Santos, 2007). This model was derived from a combination of several plant sources: Douglas fir
bark (Psedotsuga menziesii), Quercus suber cork oak bark (Quercus suber) and native potato
periderms (Solanum tuberosum). Partial depolymerization by sodium methoxide was used to
generate monomer and dimer constituents and up to 50% of the samples were depolymerized.
The SPAD and SPPD domains are bound though ester linkages: linear ester bonds, glycerol
esters and feruloyl esters. (1) Linear esters cross through the polyaromatic layers and connect the
several translucent lamellae of the suberin polyester (Graça and Santos, 2006b); (2) glycerol is
esterified to α,ω-diacids, ω-hydroxyacids or 1-alkanoic acids that can be the basis of a threedimensional polymeric network of the polyaliphatic domain. (Graça and Santos, 2006a; Graça et
al., 2002); (3) ferulic acid linked to the primary hydroxyl group of ω-hydroxyacids plays an
important role, acting as the ester linkage between the polyaromatics (opaque lamellae) and
aliphatics (translucent lamellae) (Graça and Pereira, 2000). What’s more, the SPAD consists of a
series of linear, glycerol-based polyesters which have some differences between plants: Douglas
fir has more saturated monomers; potato has more unsaturated monomers; cork oak has more
mid-chain oxygenated monomers. However, the Graça model is mainly based on cork oak and
has been simplified to show only the C18 alkyl chain length in the aliphatic domain, which could
be a misleading representation of the potato suberin structure.

Both of the models are built up based on conceptual reassembly of the monomers and
oligomers of fatty acids and alcohols that are derived from partially depolymerized suberin.
These two models account for a clear pattern of dark and light bands, which are consistent with
TEM measurements. However, simple combination of monomers and oligomers through ester
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bonds may not fully represent the structure of suberin. Moreover, there are significant amounts
of suberin solid (more than 50%) that could not be depolymerized by NaOCH3 or CaO,
indicating that these suberin models are incomplete. Therefore, more investigation needs to be
conducted. As will be illustrated below, a study of the biosynthesis pathway for suberin
formation can provide complementary information to define the suberin macromolecular
structure.

1.3 Biosynthetic Pathways of Suberin Formation
The biosynthetic pathway of suberin from substrate compounds (C16 and C18 monomers,
glycerol and ferulic acid) has been described based on the study of Arabidopsis suberin and the
potato wound-healing process (Li-Beisson et al., 2013). The proposed scheme of biochemical
pathways for the aliphatic and aromatic domain is summarized in Fig.1-6.

The fatty acid biosynthesis pathway is initiated from starch, which is stored in the
amyloplast. The highly abundant fatty acids in cell walls include palmitic (16:0), stearic (18:0),
and oleic (18:1) acids. They are esterifed to coenzyme A (CoA) by long-chain acyl-CoA
syntheses (LACS) in the plastid for further reactions. Then, the medium-chain fatty acid C16 and
C18 CoAs can be elongated by the fatty acid elongation (FAE) complex to a series of long chain
fatty acid C20-C28 CoAs (Kolattukudy, 1980). A part of the long chain fatty acid will be
decarboxylation to n-alkanes by losing a CO2 (Yang and Bernards, 2006); the other parts of the
long chain fatty acid will be oxidized by cytochrome-P450-dependent (CYP) enzymes acting on
the terminal methyl group of acyl-CoA (𝜔-position) (Kandel et al., 2006). Next, desaturation or
oxidation to 𝜔-hydroxyacids and α,ω–diacids occurs (Yang and Bernards, 2006). Lastly, α,ω-
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diacids are esterified to glycerol-3-phosphate by GPAT (glycerol-3-phosphate acyltransferase),
which has an important function in cross-linking the suberin monomers (Moire et al., 1999).

In the phenylpropanoid pathway, 𝜔-hydroxyfatty acids and fatty alcohols undergo acyl
transfer to ferulates with feruloyl-CoA via aliphatic suberin feruloyl transferase (Molina et al.
2009). All of the monomer esterification of ferulic acid or glycerol with α,ω–diacids and ωhydroxyfatty acids takes place in the endoplasmic reticulum (ER). Those monomers will be
further polymerized to suberin, as a rigid and insoluble high-molecular weight polyester (LiBeisson et al., 2013)

Figure 1-6 Proposed pathways for the synthesis of the suberin polyester. (Li-Beisson et al.,
2013).
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Figure 1-6 Proposed pathways for the synthesis of suberin polyester
Abbreviations: 4CL, 4-coumarate ligase; ABC, ATP binding cassette transporter; ASFT,
aliphatic suberin feruloyl transferase; CCoAOMT, caffeoyl coA O-methyltransferase; CYP,
cytochrome P450 monooxygenase; DCA, di-carboxylic acid; ECR, enoyl-CoA reductase; FAE,
fatty acid elongation; FAH, fatty acyl 𝜔-hydroxylase; FAR, alcohol-forming fatty acyl-CoA
reductase; G3P, glycerol-3-phosphate; GPAT, glycerol 3-phosphate acyltransferase; HCD, 𝛽–
hydroxyacyl-CoA dehydratase; HFADH, 𝜔 -hydroxy fatty acyl dehydrogenase; KCR 𝛽 –
ketoacyl-CoA reductase; KCS, 𝛽-ketoacyl-CoA synthase LACS, long chain acyl-coA synthase;
LTP, lipid transport protein; LTPG, glycosylphosphatidyl-inositol (GPI)-anchored protein;
OFADH, oxo fatty acyl dehydrogenase; OHFA, 𝜔-hydroxy fatty acid; PS, polyester synthase.
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1.4 Gene Silenced Potatoes
1.4.1 FHT RNA Interference (RNAi) Periderm
As shown in the biological pathway, many enzymes are involved in the biosynthesis of
suberin monomers, oligomers and polymers. In order to better understand this process, genetic
modification analysis has been applied to a large family of acyl transferases, including over 46
members. The acyl transferases of the BAHD family (Soler et al., 2007) were named based on
the first letter of each of the first four members of BEAT (benzyl alcohol acetyltransferase);
AHCT,

(anthocyanin-O-hydroxycinnamoyltransferase);

HCBT,

(anthranilate-N-

hydroxycinnamoyl/ benzoyltransferase) (Soler et al., 2008) and DAT, (deacetylvindoline 4-Oacetyltransferase) (D’Auria, 2006). The At5g41040 DNA mutants showed a low content of
ferulic acid in Arabidopsis suberin with unaffected ultrastructure, but the water permeability in
the root and seed coat increased (Gou, Yu, and Liu 2009; Molina et al. 2009). In addition, asft
knock out mutant varieties demonstrated the role of esterified ferulate acids, which act as linkers
between the aliphatic and aromatic domains and allow for formation of an extended aliphatic
polyester (Molina et al., 2009).

The DNA sequence of the potato genome was completed by the end of 2010. Based on
the identified and characterized genes in Arabidopsis that influence the suberin biosynthesis
functions, Serra et al. studied some similar gene sequences in potato by RNAi silencing. For
instance, after silencing the StKCS6 (3-ketoacyl-CoA synthase (KCS) gene), they found reduced
chain lengths of suberin depolymerization products and wax compounds as well as modestly
increased peridermal transpiration in potato periderm (Serra et al., 2009a). Silencing of
CYP86A33 reduced levels of C18:1 ω-hydroxyacids and 𝛼,ω-diacid monomers and distorted
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suberin lamellae, and weakened the water barrier function threefold (Serra et al., 2009b). The
FHT (fatty ω-hydroxyacid/fatty alcohol hydroxycinnamoyl transferase) (Gou et al., 2009; Molina
et al., 2009) RNAi periderm is another genetically modified sample based on At5g41040 (Serra
et al., 2010), which lacks feruloyl transferase activity for esterifying ferulic acid during suberin
biosynthesis and results in 14-fold increased water permeability for native potato periderms (Fig
1-7).
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MeO

HO

+

O
O

SCoA
HO

HO

-Hydroxypalmitic acid

OH

MeO

+

HSCoA

-Feruloyloxypalmitic acid
Feruloyl-CoA

Figure 1-7 Reaction scheme proposed for FHT enzyme.

This previous research shows that the potato tubers formed are normal in number, shape
and size, except that their periderms display a clear phenotype after FHT-RNAi silencing.
Compared with the wild-type samples, the skin of FHT samples displayed a darker color at
harvest; the whole tuber surface became wrinkled and russeted with less water after harvest and
storage (Fig. 1-8 (A, B)). They lost weight very rapidly and their skins were easily excoriated
after a 21-day storage period. This behavior is thought to be due to an incomplete skin
maturation process associated with FHT transferase silencing. Measurement by scanning
electron microscopy (SEM) showed that the skin surfaces were twice as thick in FHT-RNAi
tubers while the cell walls appeared more wrinkly and grainy than wild-type (Fig. 1-8(C, D)). In
addition, the phellem layers were collapsed, the upper phellem was filled with starch grains and
the cell wall appeared disorganized (Fig. 1-8(E-F)). GC-MS and HPLC analyses also indicated
that suberin wax composition was considerably altered after FHT silencing. Upon partial
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depolymerization with BF3 in methol, the yield of ferulic acid, C18:1 ω-hydroxyacid and
primary alcohols decreased, but the relative amount of fatty acids increased (Serra et al., 2010).

Figure 1-8 Periderm anatomy for 21-day-stored tubers grown in soil. (Serra et al., 2010)
(a) Wild-type tuber; (b) FHT-RNAi tuber; (c) SEM micrograph of the skin surface from a wildtype tuber; (d) SEM micrograph of the skin surface from an FHT-RNAi tuber; (e) Crosssectional SEM micrograph of wild-type tuber periderm; (f) Cross-sectional SEM micrograph of
FHT-RNAi tuber periderm. The arrows indicate starch grains between the periderms (P).

Although the mechanism that causes these qualitative periderm changes cannot be
specified at present, it is clear that feruloyl acid is the key to synthesis of suberin and wax
compounds. If the FHT gene of potato periderm is silenced, the esterification reaction will be
stopped or rerouted. The amount of related metabolites will be up- or down-regulated. Further,
the altered composition of suberin could make the binding between aliphatic and aromatic
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suberin domain become weaker and form a less cohesive layer. So studying the metabolic
changes in FHT RNAi periderm will help us have a better understanding of how the FHT
influences the biosynthetic pathway and protective functions of suberin.

1.4.2 CYP RNA interference (RNAi) periderm
Cytochrome P450 monooxygenases (CYP) control the key step of ω-hydroxylation of
fatty acids in the biosynthesis of plant biopolymers (Fig. 1-9) (Kolattukudy, 1980; Nawrath,
2002). CYP86A33, a fatty acid ω-hydroxylase gene, is a strong candidate for aliphatic suberin
biosynthesis in potato. The group of our collaborator Olga Serra has used a reverse genetic
approach to analyze the effects of down-regulation on the chemical and structural features of
suberin and on the physiological properties of the tuber periderm (Serra et al., 2009).
Comparing CYP86A33-silenced periderm with wild-type plants, there is no obvious
phenotypic change in the leaves, shoots, roots, or developing tubers (Fig. 1-10 (A, B)). However,
the thickness of the suberin or secondary wall had a pronounced reduction and the suberin
ultrastructure was substantially altered based on TEM analysis (Fig. 1-10 C) as compared to wild
type (Fig. 1-10 D). In CYP86A33-silenced periderm cell walls, the typically regular lamellation
of the suberin layer disappeared, whereas the electron-translucent and electron-dense material
formed prominent clumps and thick lamellar deposits (Fig. 1-10 C, white arrows). SEM
measurement was tested for CYP86A33-RNAi periderm strips, from which unsuberized cell
walls were removed by cellulase and pectinase. It turned out to be half as dense as WT, with cell
walls that were easily broken when handled. The micrograph showed a more folded appearance
at the cell edges, with breakages occurring after pulling and mostly along the cell walls by cell
edges (Fig. 1-10E. white arrows). Thus this CYP86A33-RNAi breakage behavior may indicate
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thinner and more heterogeneous suberin walls. The chemical composition of the aliphatic
fractions in CYP86A33-RNAi plants revealed a 70-90% reduced level of C18:1 ω-hydroxyacid
and α,ω-diacid monomer; and 60% reduction of glycerol esterified in total suberin. These
compositional changes were accompanied by a 3.5-fold increase in the water permeability of
CYP86A33-silenced periderm (Serra, et al., 2009b). Thus, understanding how CYP86A33 is
involved in establishing suberin structure and its relevance to the water permeability of periderm
is extremely significant.

Although the mechanism that causes these qualitative periderm changes cannot yet be
specified, it is clear that -hydroxyacids and -diacids are key compounds for the synthesis of
suberin and wax. If the CYP86A33 gene of potato periderm is silenced, the ω-hydroxylation
reaction will be stopped or rerouted. The amount of related metabolites will be up- or downregulated. Further, the composition of suberin could make the binding between aliphatic and
aromatic suberin domain become weaker and form a less cohesive layer. So studying the
metabolic changes in the CYP86A33 RNAi periderm will help us have a better understanding of
how this gene influences the biosynthetic pathway and protective functions of suberin.
O
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Figure 1-9 Reaction scheme proposed for CYP enzyme.
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Figure 1-10 Anatomy and fine structure of periderms of CYP86A33-RNAi tubers.
(Serra et al., 2009b; Serra et al., 2014) CYP86A33-silenced (A) and Wild-type tubers (B); TEM
micrograph of the suberized cell wall of CYP86A33-RNAi (C) and WT (D) peridermal cells
(PW, Primary wall; SW, Secondary suberin wall; TW, Tertiary wall; white arrows, suberin
lamellation; black arrowhead, atypical structures consisting of bulges or folds in the suberin
wall); SEM images of native periderm membranes after tensile breaking stress of CYP86A33RNAi(E,G) and WT(F,H). (White arrows indicate fissures along cell walls by cell edges).
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1.5 Open Questions to be Addressed
[Adapted from our draft manuscript to be submitted for publication]
This work focuses on the amount, chemical composition, and structural organization of
the periderms at key stages of their respective development with four goals in mind: (1) to
contrast the compositions of soluble metabolites and suberin polymers in wild-type, FHT-RNAi
and CYP-RNAi native periderms; (2) to investigate the effect of FHT or CYP silencing on the
native periderm; (3) to assess the chemical differences between native and wound-healing
protective plant layers; (4) to test whether that native FHT-RNAi periderms have molecular
profiles in common with wild-type Desirée wound-healing tissues. By comparing wild-type with
FHT-RNAi and CYP-RNAi potato cultivars, it will be possible to explore the role of linkages
between the suberin polyaliphatic and polyaromatic domains in establishing both wound closing
and hydration barriers of the tuber periderm.

Our approach complements and augments the earlier investigations in several respects.
(1) Native and wound periderm tissues are compared systematically in wild-type and genetically
modified cultivars, using a bottom-up approach that includes comprehensive chemical analyses
of periderm extracts. These soluble materials, which could be stress-response antimicrobials or
suberin biosynthetic intermediates (Bernards and Lewis, 1992; King and Calhoun, 2005; Yang
and Bernards, 2006; King and Calhoun, 2010; Dastmalchi, et al., 2014; Dastmalchi, et al., 2015),
are analyzed in nine biological replicate samples to determine the metabolites associated with the
functional disparities between wild-type, FHT-RNAi and CYP-RNAi periderms of a given
developmental history, and between native and wound periderms of a given cultivar.

(2)

Replicate polymeric solid suspensions isolated in concert with the soluble extracts are compared
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compositionally. Thus a holistic analysis that includes soluble metabolites and solid polymer
composites gives us the ability to derive comprehensive, reliable information about the impact of
knocking down the FHT or CYP gene on the macromolecular structure of the resulting suberized
potato periderms.
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2. EXPERIMENTAL METHODS
[Part of the text in this section is drawn from our draft manuscript to be submitted for
publication]
2.1 Chemicals
Solvents for soluble metabolite analysis were purchased as follows: analytical grade
chloroform and HPLC grade methanol from Fisher Scientific (Pittsburgh, PA); LC-MS grade
water and acetonitrile from J. T. Baker (Center Valley, PA); analytical grade hexane and
anhydrous pyridine from EMD Chemicals (Gibbstown, NJ). Additional reagents used in these
analyses included analytical grade formic acid from Sigma-Aldrich (St. Louis, MO) used in LCMS

experiments,

N-Methyl-N-(trimethylsilyl)

trifluoroacetamide

(MSTFA)

+

1%

trimethylchlorosilane (TMCS) from Thermo Scientific (Bellefonte, PA) used in GC-MS, and a
C7-C40 Saturated Alkanes Retention Index Standard from Supelco (Bellefonte, PA). For
removal of cell-wall materials from the solid interfacial suspension between polar and non-polar
extracts, cellulase (EC 3.2.1.4; CAS No. 9012-54-8) and pectinase (EC 3.2.1.15; CAS No. 903275-1) were purchased from Sigma-Aldrich.

2.2 Plant materials and Sample preparation
2.2.1 Plant Materials
FHT-RNAi-silenced potato plants (Solanum tuberosum cv. Desirée) were obtained as
described by Serra et al. (2010). FHT-RNAi silenced plants and the corresponding wild-type
(WT) cultivar were first propagated in vitro: stem cuttings were cultured in Murashige and
Skoog media supplemented by 2% (w/v) sucrose and placed in growth cabinets at 22 °C with a
light/dark photoperiod cycle of 16/8 h for 21 days. After transfer to soil, the plants were grown in
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a greenhouse to form tubers that were harvested from 9-week-old plants. Harvested tubers were
rinsed with tap water to remove soil particles and the tuber skin was collected using a flat
spatula, taking advantage of easy peeling at this immature developmental stage and avoiding the
underlying parenchymatic flesh tissue to the extent possible. The samples were frozen in liquid
nitrogen, ground using a mortar and pestle, lyophilized until dry, and stored in a vacuum-sealed
bag at -80 °C. Although the collected tuber skin corresponded strictly speaking to the phellem
tissue, we designate the samples as native periderms (containing suberized phellem, phellogen,
and phelloderm tissues) in conformance with previous studies (Franke et al., 2005; Hammes et
al., 2006; Stark et al., 1994; Serra et al., 2014).

To prepare wound-healing samples from dormant freshly harvested potato tubers,
(Pacchiano et al., 1993; Yang and Bernards, 2007; Dastmalchi, Cai and Zhou, 2014) internal
flesh tissues about 5 mm thick were sliced longitudinally to obtain disks and placed on wet
cellulose filter paper. The healing process was accomplished inside closed humidified plastic
boxes equipped with wire netting supports at 25 ℃ in the dark. The new brown surface layer of
wound healing tissue was excoriated and collected with a spatula at 0, 3, 7 and 14 days after
wounding, corresponding to fresh cut samples, early healing in which the suberized closing layer
has formed the developing wound periderm, and well-formed wound periderm. Upon harvest of
the wound-healing materials, samples were collected by the same process as described for the
native periderms and stored as dry powders. Both WT and FHT-RNAi samples at the day-0, day3, day-7, and day-14 time points were collected.
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2.2.2 Sample Preparation
Dried native periderm (~10 mg) and wound-healing tissues (~20 mg) were weighed and
transferred into 4 mL glass vials. Nine replicate extracts were prepared for each WT and FHTRNAi native potato periderm and each wound healing time point. Extraction followed a
published protocol (Wolfram, 2006; Kim et al., 2010; Choi et al., 2004). Briefly, 1.54 mL
methanol and 0.33 mL water were added to each dried sample together with 5 small zirconia
oxide beads, and the mixture was vortexed for 60 s. After addition of 0.77 mL chloroform and an
additional 60 s of vortexing, the samples were shaken in an incubator for 15 min at room
temperature. After addition of another 1.54 mL portion of chloroform-water (1:1 v/v), the
samples were sonicated for 15 min and shaken in an incubator for another 15 min. The extraction
mixtures were centrifuged at 3000 rpm for 15 min at 4 °C; a lower non-polar soluble layer, an
upper polar soluble layer, and a solid interfacial suspended residue were collected separately
with glass Pasteur pipettes. The non-polar portion (~1.5 mL) was divided between two 2-mL
brown vials and dried in a hood at room temperature. The polar portion (~2.0 mL) was also
divided between two portions, one of which was dried under nitrogen and the other kept as a
liquid without further processing. All samples were stored at -20 °C for subsequent analysis by
GC-MS, LC-MS, solution-state NMR, and/or solid-state NMR (Fig. 2-1).

The solid interfacial residues were washed twice with distilled water and dried overnight
at 50 ºC, then treated with hydrolytic enzymes to remove unsuberized cellulose and pectin
associated with the cell wall. The following procedures, which have been developed for ‘whole’
periderm tissues that were not subjected to extraction (Pacchiano et al., 1993; Serra et al., 2014),
were used to produce suberin-enriched periderm residues. Aspergillus niger cellulase (0.1% w/v)
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and pectinase (0.4% v/v) were dissolved in 100 mM acetate buffers at pH 5.0 and pH 4.0,
respectively. A 4-mL portion of cellulase buffer was added to each of the samples, which were
shaken at 150 rpm and 37 ºC for 48 h and then at 44 ºC for 48 h. After rinsing twice with
distilled water to remove the cellulase, 4 mL of pectinase buffer was added to each of the
samples, which were shaken at 28 ºC and then 31 ºC for 24 h each. After rinsing three times with
distilled water, the residues were dried in an oven at 50 °C overnight. Next, 24-h Soxhlet solvent
extraction treatments were used to remove soluble waxes and fatty acids using refluxing
methanol, chloroform, and hexane successively. Finally, the samples were dried in an oven at 50
°C for 10 h.

1.54mlMeOH
0.33ml H2O
Vortex

0.77ml CHCl3

Shaking 15 min

Vortex

0.77ml CHCl3
0.77ml H2O
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Figure 2-1 Sample preparation working flow
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2.2.3 Derivatization
Many metabolites in non-polar extracts such as fatty acids and alcohols have high boiling
points and are hard to volatilize for GC analysis due to hydrogen bonding among hydroxyl
groups. Derivatization is the process by which a compound is chemically modified to produce a
new compound that can be analyzed by gas chromatography. The use of derivatization helps
increase volatility, detectability, and improves chromatographic behavior. For compounds
containing functional groups with active hydrogens (e.g., -COOH, -OH, - NH and -SH), NMethyl-N-(trimethylsilyl) trifluoroacetamide (MSTFA) can be used as a derivatization reagent to
replace the labile hydrogens on compounds with a -Si(CH3)3 group (Fig. 2-2). In most
applications, MSTFA should be used at full strength or diluted with a suitable solvent such as
pyridine (anhydrous) and at least a 2:1 molar ratio of MSTFA per active hydrogen. Previous
studies indicated that MSTFA was the most appropriate derivatization agent for the profiling of
plant metabolites (Roessner et al. 2000; Fiehn et al. 2000).

Figure 2-2 Derivatization reaction of MSTFA.
Derivatization for GC-MS analysis was conducted by dissolving the dried non-polar
extract in 50 μL of dry pyridine with 80 μL of MSTFA and 1% TMCS (Yang and Bernards,
2007), then shaking in an incubator at 50 °C for 1 h and equilibrating at room temperature.
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2.3 Metabolomics
Metabolomics is the study of metabolism, specifically the science of identifying and
quantifying the small-molecule metabolites present in cells, tissues, organs, and biological fluids,
which is free of inherent observational biases and involves rapid, high throughput
characterization (Worley and Powers, 2013). The routine procedures of metabolomic research
can be designated as targeted and untargeted. Targeted analysis aims at a quick and precise
quantification of a selected group of metabolites for a particular pathway or physiological state in
response to internal or external perturbations. It requires that the structure of the targeted
metabolites is known and that the metabolites are available in purified form before the analysis.
Thus it cannot detect any novel metabolites in a sample. Untargeted metabolomics, also called
discovery metabolomics, can be further divided into fingerprinting and metabolic profiling.
Fingerprinting provides a global snapshot without precisely quantifying or identifying all the
metabolites in the sample. It is mainly used to identify differences between metabolite profiles
that may be relevant between two samples under different biological conditions (Patti et al.,
2013).
Metabolic profiling is an unbiased comprehensive analysis of all the metabolites of a
biological system. It includes the following three steps. First, discover metabolites in a set of
experimental and control samples and make sure the analytical reproducibility is critical for
expression profiling work. Second, determine the metabolite ID and identify based on the
accurate mass match to a database or a spectral match to a library. Third, interpret the collected
data and make connections between the identified metabolites and the biomarker discovery,
biological signature/fingerprint selection and pathway mapping. This is more difficult than
targeted analysis as the number and classes of the metabolites affected by the perturbation is
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usually not known and the results are sensitive to bias and selective reporting (Fiehn, 2002).
The metabolites involved are typically the precursors, intermediates and end points of
macromolecular biosynthesis through metabolic pathways. Accordingly, they can be classified as
primary metabolites or secondary metabolites by their functions. The former group is directly
involved in growth, development and reproduction of an organism; the latter one has special
ecological roles in response to environmental stimuli. Therefore, profiling and identification of
metabolites provide a better understanding of the correlation between genes and the biochemical
composition of a plant tissue in response to its environment (phenotype), and this information
can be further used to assess gene function (genotype) (Kopka et al., 2004).

2.3.1 Metabolomics Methods
Metabolomics is the combination of instrumentation studies and statistical analysis. An
individual plant species contains thousands of different metabolites (e.g., hydrophilic
carbohydrates, polar amino acids, hydrophobic lipids), and most of them are unknown
compounds (Pichersky and Gang, 2000). Thus, a single analytical platform will often be
insufficient to meet the challenge of identification (Desbrosses et al., 2005). The development of
modern analytical techniques makes it possible to use mass spectrometry (MS) and nuclear
magnetic resonance spectroscopy (NMR) combined with sophisticated statistical methods to
interpret the generated data. Consequently, different extraction techniques and combinations of
analytical methods are employed in attempts to achieve adequate metabolite coverage. Each of
them exhibits specific advantages and disadvantages.
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2.3.2 Mass Spectrometry (MS)
A typical mass spectrometer (MS) consists of three parts: an ion source, a mass analyzer
and a detector (Watson and Sparkman, 2007). The first part of mass spectrometry is the
production of gas phase ions of the components using ionization techniques. Common ionization
techniques include electron ionization (EI), electrospray ionization (ESI) and so on.
EI is used in connection with GC, where the gaseous eluent and analyses are introduced
into the ion source. Positive ionization of molecules is achieved under vacuum by use of an
electron beam at specific and reproducible energy. It is more likely to fragment the ions leading
to a possibly more ambiguous identification of the molecular weight and reproducible between
instruments.
ESI, denoted as a soft ionization method, is used in connection with LC. The liquid
sample is nebulised, evaporated and ionized under atmospheric pressure in a strong electric field.
Small metabolites are usually ionized to singly charged molecular ions, either positively charged
or negatively charged depending on the applied polarity. Then, the ions are separated in the mass
analyzer according to the separation in time or space, of ions according their mass-to-charge
ratio (m/z) and then the detectors count the numbers of different ions. Such as:
Triple quadrupole instruments utilizing linear ion trap (Q-Trap) consist of two
quadrupole mass analyzers and one collision cell in between and a linear ion trap. The first of the
three quadrupoles filters out a specific precursor ion based on m/z. The second quadrupole acts as
a collision cell to produce a product ion by the collision of the precursor ion with a neutral gas,
like nitrogen. This process is known as Collision Induced Dissociation (CID), producing a
fragment ion that is sent to the third quadrupole. The third quadrupole acts similarly to the first,
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where only product ions with a specific m/z are allowed to pass while all others are filtered out.
This type of analysis is termed tandem MS or MS/MS. These instruments can be run in selected
reaction monitoring or multiple reaction monitoring modes (SRM, MRM) respectively. The third
mass filter is set on distinct fragments of certain precursors and not scanned through the
fragment pattern, these providing faster scan rates, low limits of detection, high dynamic ranges
and increased selectivity in quantification studies for up to hundreds of metabolites in one
chromatographic run.
Time of flight (TOF) mass analyzers determine m/z by measurement of the time the
ions need to travels the distance to the detector. TOF instruments provide high mass resolution
and mass accuracy that allows an estimation of molecular formula by accurate mass
determination, but they provide comparatively low dynamic range for quantification. In contrast
to quadrupole mass analyzers all ions are detected simultaneously and are not scanned. Finally, a
mass spectrum of the molecule is produced in the form of ion abundance versus m/z values.
GC-MS and LC-MS are two of the most widely used hyphenated analytical techniques
used to separate metabolite mixture by gas chromatography (GC) or liquid chromatography (LC)
and then analyze the compounds by mass spectrometry (MS) (Lu et al., 2008; Pasikanti et al.,
2008).

2.3.2.1 Gas Chromatography-Mass Spectrometry (GC-MS) analysis
GC-MS combines gas chromatography with electron impact ionization MS (EI-MS). It
provides high chromatographic metabolite resolution, has high sensitivity, good reproducibility,
the high throughput required for plant extracts containing a few hundred metabolites each, as
well as analyte-specific detection and the ability to identify the unknowns (Lisec et al., 2006). As
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electron impact ionization (70 eV) is the most traditional ionization method, it does not suffer
from ion suppression and can produce characteristic mass spectral fragmentation patterns. When
searched with the databases and EI spectral libraries (e.g., NIST08 and Wiley Registry 9), GCMS offers structural information that facilitates its application in metabolomics with greatly
simplified identification procedures (Kaddurah-Daouk et al. 2008). A major disadvantage of
GC-MS is the fact that many metabolites require derivatization of their functional groups to
increase volatility without degradation. Even after derivatization, the practical limit of relative
molecular masses used for structural identification is about m/z 600 (Wolfram, 2006). Below that
limit, GC-MS still has a relatively broad coverage of compound classes (Sumner et al. 2003),
including organic and amino acids, sugars, sugar alcohols, phosphorylated intermediates and
lipophilic compounds.

Two different GC-MS instruments were used for derivatized non-polar samples in the
current two projects. For the FHT project, experiments were run in the Chemistry Department at
City College of New York on a Shimadzu QP2010 plus instrument (Canby, OR) equipped with
an AOC-5000 automatic injection system, a RESTEK (Bellefonte, PA) Rtx®-5MS low-bleed
column (fused silica, 30 m × 0.25 μm i.d.), and GCMSsolution software version 2.53. The
injection temperature was set to 250 °C. A 1-μL sample was injected in splitless mode with high
purity helium as carrier gas at a constant flow rate of 1 mL/min and a pressure of 61.5 kPa. The
temperature program was set as follows (Yang and Bernards, 2007): after a 5 min delay at 70 °C
to allow the solvent to purge the system, the oven temperature was increased to 310 °C at 5 °C
/min, then held for 11 min at that temperature. The total GC run time was 64 min. GC Mass data
were recorded in EI mode from 8 to 64 min to avoid the peaks from solvent, pyridine and
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derivatization reagent. The scan time was 0.5 s and the scan range was m/z 45–600. Instrumental
parameters included the ionization voltage (70 eV), ion source temperature (200 °C), and
interface temperature (280 °C). The mass spectrometer was tuned with perfluorotributylamine
(PFTBA) for mass calibration, performance optimization, and consistency. Three blank samples
were run at the beginning, middle, and end of the experimental sequence to record the baseline,
check the instrumental performance, and detect possible contamination, respectively.

The CYP samples were examined at New York University on a Shimadzu GCMSTQ8040 instrument which is capable of accepting two narrow-bore capillary columns into the
MS simultaneously. The line-1 system was equipped with a RESTEK (Bellefonte, PA) Rxi®5Sil MS low-bleed column (fused silica, 30 m × 0.25 μm i.d.) and flame ionization detector, and
the line-2 system was equipped with three different ionization modes

(negative chemical

ionization (NCI), sub-chemical ionization (SCI) and sub-electron ionization (SEI)), a RESTEK
(Bellefonte, PA) Rtx®-5MS low-bleed column (fused silica, 30 m × 0.25 μm i.d.) and MS
detector. The injection temperature was set to 250 °C. The temperature program for both lines
was the same as described above for the Shimadzu QP2010 plus instrument. The scan time was
0.05 s and the scan range was m/z 45–600. Tests were conducted in both SEI and SCI ionization
modes.

GC-MS identification of compounds in the non-polar periderm extracts was
accomplished by comparing the metabolite spectra with the National Institute of Standards and
Technology (NIST) 2008 mass spectral library and Wiley Registry of Mass Spectral Data 9th
library resident in the GCMSsolution software. Most of the metabolite identifications were based
on the similarity score resulting from the comparison of our fragmentation patterns and the
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library data. Typically, spectral ions were assigned to a specific compound when the similarity
score was higher than 80. The 2-Monoacylglycerols were identified by comparing reported
marked ions and EI fragmentation patterns, e.g., the fragments m/z 218, 203 and 191 that are
characteristic for the 2-isomer (Destaillats et al., 2010). As families of alkane compounds have
similar MS patterns and fragments, a retention index (RI) was used to assist with identification
by comparing their retention times against a standard C7-C40 saturated series (Sigma-Aldrich)
with retention index values from 700 to 4000.

2.3.2.2 Liquid Chromatography-Mass Spectrometry (LC-MS) analysis
LC-MS integrates liquid chromatography with mass spectrometry. It is an extremely
powerful tool in analytical chemistry that is used to separate, identify, and quantitate compounds
in a sample that can be dissolved in a liquid. Currently, there are two widely used LC systems,
high-performance liquid chromatography (HPLC) and ultra-performance liquid chromatography
(UPLC). HPLC uses high pressure to push solvents through a packed column. The technique
uses column particle sizes of 5 μm and pump pressures up to 6000 pounds per square inch (psi).
By contrast, UPLC uses smaller columns with 1 or 2 millimeter internal diameters packed with
smaller particles (1.7 micron) and has the ability to deliver mobile phases at 15,000 (psi)
(Swartz, 2005). Thus, the newer technology has significant increases in resolution, speed, and
sensitivity in liquid chromatography. Reverse-phase chromatography is conducted with HPLC
and even UPLC systems, making it a very useful tool for analytical chemists (Horvath and
Melander, 1977). Usually, it features a non-polar stationary phase and an aqueous, moderately
polar mobile phase. Two or more separate mobile phases are used for the separation of molecules
by their hydrophobicity. One mobile phase consists of a mixture between water and an organic
solvent. The other mobile phase is an organic solvent, methanol or acetonitrile, used to elute
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analytes from the chromatographic columns. The aqueous phase usually has been acidified with
formic or acetic acid. It is easy to formulate, provides sufficient pH control of the mobile phase,
and evaporates readily in the LC-MS interface. Typical columns consist of an alkylsilica-based,
non-polar sorbent linked with carbon-18 (C18) that allows separation based on hydrophobic
binding of the solute molecule from the mobile phase to the immobilized hydrophobic ligands
attached to the sorbent. Other columns may be used such as C8 or C4, which have more
immediate polarities.
For LC-MS analysis, all types of compounds can be separated by LC and analyzed
sequentially in-line by MS. LC approaches have a broad m/z range (up to 2000) of detectable
metabolites (Kopka et al., 2004). A good analytical separation can result in a better detection
limit and MS data quality due to low background noise. However, a lower reproducibility of
retention times compared with GC might influence the accuracy of statistical metabolomic
analysis (Lisec et al., 2006). The electrospray ionization (ESI) customarily used in LC-MS can
be less complete than electron impact (EI) because of the difficulty of ionization for many
compounds. Also, large libraries of metabolites are not yet available on all instruments.
Characterization and identification of metabolites are difficult and usually must be achieved with
“SCIFINDER” or other databases using highly accurate masses (from TOF-MS) and/or
LC/MS/MS.

LC-MS of the polar extracts for both native periderm and wound-healing potato tuber
samples was carried out using an Applied Biosystems Sciex4000 QTRAP mass spectrometer
(Foster City, CA) equipped with a Shimadzu ultra fast liquid chromatography (UFLC) system
(Canby, OR) and including two LC-20 AD pumps, an SIL-20AC automatic injector, a CBM-20A
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communication bus module and a CTO-20AC column oven. A 150×4.6 mm i.d. 3.0-µm reverse
phase AscentisRTM C18 column (Supelco Corp., Bellefonte, PA) was used with the column oven
set to 30 °C and an injection volume of 20 µL. The mobile phase consisted of (A) water
containing 0.1% formic acid (v/v) and (B) acetonitrile containing 0.1% formic acid (v/v). The
flow rate was 0.5 mL/min, with gradient elution conducted as follows: 0-1 min: 2% B; 1-30 min:
2% - 35% B; 30-45 min: 35% - 98% B; 45-51 min: 98% B; 51-52 min: 98% - 2% B.
Electrospray ionization (ESI) mass spectra were acquired in both negative and positive ion
modes for the range m/z 100-1300. Pressures of high-purity nitrogen gas (99.995 %) were set at
50 psi for the nebulizing gas and 40 psi for the heating gas, respectively. The source temperature
was 300 °C. The optimized values of spray voltage, declustering potential, and entrance potential
in negative mode were -4500 V, -140 V and -10 V, while the values in positive mode were 5500
V, 80 V, and 10 V, respectively. Analyst 1.4.2 software was used for data processing. Tandem
mass spectrometric analyses (LC-ESI-MS2 and MS3 were conducted at four different collision
energy levels for both negative mode (-35, -50, -65, and -80 eV) and positive mode (35, 50, 65
and 85 eV). Chlorogenic acid and rutin, compounds reported previously in potatoes, were used
as reference standards. Blank samples were run as described for the GC-MS experiments
(Navarre et al., 2011; Dastmalchi et al., 2014).

2.3.2.3 Time-of-Flight Mass Spectrometry (TOF-MS)
To obtain highly accurate masses of metabolites present in the potato skin, two different
TOF-MS instruments have been used for the two projects. For FHT materials examined on the
CCNY instrument, the polar extracts of potato native periderm were fractionated four times
under the same chromatographic conditions used in the LC-MS experiments using an Agilent
1200 series HPLC system (Santa Clara, CA) equipped with a quaternary pump, helium degasser,
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column heater, diode array detector and analytical fraction collector. Fractions were collected
from 6 to 45 min at 1-min intervals for a total time of 40 min. A Waters LCT Premier XE timeof-flight mass spectrometer (Milford, MA) was used to obtain high-resolution molecular masses,
with 400 pg/L leucine enkephalin (Sigma-Aldrich, m/z 556.2771) as a standard. The flow rate of
the reference solution was 100 μL/min. Mass spectra were acquired over the range m/z 100-1300
in both positive and negative modes. The desolvation gas flow was set to 800 L/h at a
temperature of 350 °C, and the cone gas flow was 10 L/h. The cone and aperture voltages were
set to 10 V and 25 V for negative mode, 25 V and 10 V for positive mode, respectively. The data
acquisition rate was 0.15 sec/scan, with a 0.01 sec interscan delay using dynamic range
enhancement (DRE) lock mass. Datasets were collected for 1 min each. The possible elemental
compositions for each accurate mass were calculated with Masslynx 4.1 software using a
monoisotopic mass type.

For the CYP project, the accurate mass of metabolites in both polar and non-polar
extracts was obtained at Hunter College CUNY. The polar or non-polar mixtures were separated
by a UHPLC system (Agilent 1290 Infinity LC System), equipped with a degasser, two binary
pumps, and a thermostatted auto-sampler. Then, they were directly analyzed by time of flight QTOF (Agilent iFunnel 6550) system (Santa Clara, CA) in ESI+ or/and ESI− mode. The mobile
phase consisted of (A) water containing 0.1% formic acid (v/v) and (B) acetonitrile containing
0.1% formic acid (v/v). For polar extracts, the sample injection was 10 μL and the column oven
was set to 25 °C. The column, flow rate, solvent and mobile phase gradient were kept the same
as described above for FHT polar extracts. For non-polar analysis, a 2.1 x 75mm i.d, 2.7µm
reverse phase Poroshell 120 EC-C8 (Agilent) UPLC column was used with the flow rate of 0.4
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mL/min and gradient elution as follows: 0-1 min: 5% B; 1-16 min: 50% - 100% B; 16-20 min:
100% B; 20-21 min: 100%-50% B; 21-23 min: 50% B. The system was operated in full scan
mode from m/z 100 to 1300 for polar extracts and m/z 100-1500 for non-polar extracts. The
capillary voltage was set to 3.5 kV, nozzle voltage was 2kV, and fragment voltage was 365 V for
both positive and negative ionization modes. The drying gas flow rate was 17 L/min at 250 °C
and the gas nebulizer was set at 25 psi for polar analyses; the drying gas flow rate was 17 L/min
at 225 °C and gas nebulizer at 20 psi for non-polar analyses. The mass accuracy of the Q-TOF
instrument was checked and optimized with a calibration solution before analysis of the extract
mixtures. Purine (C5H4N4) at m/z 121.0509 and HP-921 [hexakis-(1H,1H,3H-tetrafluoropentoxy)phosphazene] (C18H18O6N3P3F24) at m/z 922.0098 in positive ion mode, and m/z
119.0363 and 966.0007 (formate adduct) in negative ion mode, were continually infused during
the measurement for internal mass calibration. Data were acquired with MassHunter Acquisition
software B.05.00, and data evaluation was performed with MassHunter Qualitative and
Quantitative Analysis B.05.00.

The metabolites in the native periderm polar extracts were identified by comparing LC
retention times and tandem MS/MS fragments from the 4000 QTRAP analysis and accurate
masses from TOF-MS with available literature reports. Searches were conducted using on-line
databases such as Scifinder, Pubchem, and Metfrag to match the current data to a reported
spectrum. Additionally, some metabolites for which no spectrum had been reported nevertheless
displayed similar fragments to identified compounds, allowing for provisional assignment based
on MS/MS fragmentation patterns and subsequent confirmation using TOF-MS data.
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2.3.3 Solution-State NMR Analysis
Solution-state nuclear magnetic resonance (NMR) is physical phenomenon based upon
the magnetic property of particular nuclear isotopes. It is a powerful and theoretically rich
analytical tool used to obtain information about molecular structure. It provides a reliable profile
of each sample and quantitative information from integrals of the individual signals using the 1H
spectrum, which means the NMR signals directly and linearly correlate with compound
abundance and can offer sufficient structural information (Lewis et al. 2007). NMR has minimal
requirements for sample preparation and is a non-discriminating and non-destructive the
technique (Schripsema, 2010). However, compared with mass spectrometry, the sensitivity of
NMR is much lower and only the highly abundant metabolites can generally be detected when
profiling complex mixtures. Identification of individual compounds in complex mixtures is
difficult even with 2D NMR methods. Thus metabolites present at low levels will be missing
from NMR analysis (Want et al. 2005).
The non-polar extracts were reconstituted using a 100 mM CH3OD-CDCl3 (1:2,
99.8%D). NMR spectra were obtained using a Bruker AVANCE PLUS spectrometer (Bruker
Biospin, Karlsruhe, Germany) operating at an 800 MHz 1H frequency and fitted with a
cryomicroprobe for 1.7 mm o.d. sample tubes (Norell, Landisville, NJ) and an automated NMR
SAMPLEJET accessory. 1H NMR data were acquired at 25 ºC using TOPSPIN version 3.1
software, a constant receiver gain, 512 scans, and a 1.0-s recycle delay between transients.
Tetramethylsilane (TMS) was used as an internal peak reference. The spectrum after Fourier
transformation and signal conditioning had a spectral window of 8 ppm defined by 128K data
points. Binning was then carried out for metabolomics analysis of the spectra with a 0.01-ppm
bandwidth and removal of the proton signal from the CH3OD-CDCl3.
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2.4 Solid-State NMR Analysis
Suberin is a cross-linked natural biopolymer with high molecular weight. Traditional
analytical tools such as solution NMR spectroscopy, mass spectrometry and single crystal X-ray
crystallography are not able to elucidate the suberin molecular structure because of its
insolubility and inability to crystallize.

13

C solid state nuclear magnetic resonance (ssNMR)

provides a very powerful way to directly observe the molecular structure of plant polymers such
as suberin without any pretreatment (Rocha et al., 2001). In spite of two strong interactions
(dipolar coupling and chemical shift anisotropy) present in solid polymers, each causing broad
linewidths in ssNMR spectra, high-resolution 13C spectra can be achieved by the so-called magic
angle spinning technique. Rapid sample spinning at the “magic angle” (54.7°) with respect to the
magnetic field can average the dipolar and chemical shift anisotropy interactions in polymers and
give rise to relatively narrow spectral line widths. However, the

13

C ssNMR spectrum usually

shows a poor sensitivity because carbon-13 has only 1.1% natural abundance, and a relatively
low gyromagnetic ratio compared to proton nuclei, and a long spin-lattice relaxation time (Serra
et al., 2012).

The

13

C signal in natural solid samples can be enhanced by cross-polarization magic

angle spinning (CPMAS) techniques. Using the CPMAS technique, magnetization transfer from
proton nuclei with 100% natural abundance and high gyromagnetic ratio compared to carbon-13
can significantly increase the signal-to-noise ratio of 13C nuclei and shorten the acquisition time
because the pulse repetition time is governed by the proton relaxation (~1-3 s). The distance of
protons to carbons influences the enhancement of 13C signals in the CPMAS 1NMR experiments.
The closer the carbon-13 nuclei are to protons, the more rapid enhancement of the carbon-13
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NMR signal is observed, others carbon are enhanced but require more time. Therefore, the
CPMAS

13

CNMR experiment provides qualitative structural information efficiently and

accurately for different functional groups of these polymers and cross-link sites within intact
plant materials (Zlotnik-Mazori and Stark, 1988; Stark and Garbow, 1992), but it is not sufficient
for quantitative comparisons.

For quantitative measurement, direct polarization (DP) MAS NMR experiments can be
employed to determine the relative abundance of carbons from different functional groups in
suberin samples. In this experiment,
followed by relaxation of

13

C hard pulses are used to directly polarize all

13

C spins,

13

C nuclei that requires very long recycle delays (100 s) between

successive acquisitions. Because of long spin-lattice relaxation times for

13

C nuclei, DPMAS

NMR also suffers from poor sensitivity (Yu et al., 2006).

The principal chemical moieties present in each of three dry biological replicate suberin
extraction residues were determined using standard cross-polarization magic-angle spinning
(CPMAS)

13

C NMR experiments carried out on a 4-channel Varian (Agilent) DirectDrive I

(VNMRS) NMR 600 MHz spectrometer (Palo Alto, CA) equipped with a 1.6 mm HXY
FastMAS probe. The

13

C resonance frequency was 150.757400 MHz, with a customary

acquisition time of 25 ms, a delay time of 3 s between successive acquisitions, a CP contact time
of 1.5 ms, and a 200 kHz 1H decoupling strength achieved using the SPINAL method (Fung et
al., 2000). Typically, 5 mg samples were spun at 10,000 ± 20 Hz for approximately 7 h. The
resulting CPMAS data were processed using VNMRJ (version 2.2C; Agilent) and/or ACD/NMR
Processor Academic Edition 12 (Advanced Chemistry Development, Inc., Toronto, ON, Canada)
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with 100 Hz of exponential line broadening to improve the signal-to-noise ratio of the spectra.
Chemical shift referencing was done externally using the methylene (-CH2-) group of
adamantane (Sigma-Aldrich) set to 38.48 ppm (Morcombe and Zilm, 2003).
To estimate ratios of the various carbon types, quantitatively reliable direct-polarization
magic-angle-spinning (DPMAS)

13

C NMR spectra were acquired with 3000 scans for 83 h. A

customary acquisition time of 25 ms and delay time of 100 s between successive acquisitions
were used. After applying exponential line broadening of 200 Hz, signal intensities in the
DPMAS spectra were measured by cut-and-weigh-paper methods and by counting pixels using
Photoshop software for the following regions: carboxyl groups (COO; 160-180 ppm), multiply
bonded groups (aromatics and alkenes; 92-160 ppm), oxygenated aliphatic carbon groups (CHO
+ CH2O + CH3O; 44-92 ppm) and long-chain methylene groups ((CH2)n; 10-44 ppm). Ratios of
integrated signal intensities for particular spectral regions were measured for each cultivar using
both methods; error bars represent the difference between the two values (Duer, 2001; Serra et
al., 2012).

2.5 Multivariate Statistical Analysis
Principal Component Analysis (PCA) has been used as a first pass quality assurance tool
for multivariate data analysis. This technique projects a complex set of data onto a smaller set of
variables (called principal components), which are linear combinations of the initial variables. It
takes advantage of the complexity of the data and reduces them down to simple plots that are
easy to examine. The principal components are chosen in such a way that the first component
accounts for the largest variation among the samples. For data sets with a high degree or
correlation between variables, the first three components together can account for more than 50%
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of the total variability of the system. In metabolomic research, PCA can find the basic vectors
that give the best overall sample separation and explain the overall variance in the data set
without prior supervision of the data (Gray and Heath 2005; Roessner-Tunali 2003). For instance
it has been used to derive the features responsible for differentiating between classes of wild type
or FHT-RNAi and scabbed periderm samples. It was also used to determine outliers (either
analytical or biological) in the data set (Holmes and Antti, 2002). As it extracts all significant
information and removes noise from both the mass spectral and chromatographic components of
the data, the results of mass spectral searches and signal-to-noise ratio (S/N) can be markedly
improved (Statheropoulos et al., 1999).
To determine the relative differences between the metabolomics of potato periderm
systems to infer a biological relationship, samples should be supervised into specific classes. An
orthogonal partial least squares - discriminant analysis (OPLS-DA) will focus only on the
predictive information that is of interest. Then, the potential metabolic biomarkers can be
identified for further targeted analyses (Worley and Powers, 2013). The statistical model can be
validated by calculating values of R2 and Q2, indicators of fitness to the data and predictive
ability, respectively (Worley and Powers, 2013). The contribution score (R2) is a good way of
quantifying variables for each component. The goodness of prediction (Q2) is an estimate of the
predictive ability of the model based on cross validation, which is a predictive strategy of
evaluaton (should be >0.5) the models by dividing data into two parts, a training set and
validation set. For R2, R2X was calculated for PCA and both R2X and R2Y were calculated for
OPLS-DA. Hotellings T2 and DMoDx were used to detect strong and moderate outliers
separately (Wiklund, 2008).
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2.5.1 Data Processing
The software package MZmine 2.4 (VTT Technical Research Center, Helsinki, Finland
and Turku Center for Biotechnology, Turku, Finland; http://mzmine.sourceforge.net/) was
utilized for processing of GC-MS and LC-MS chromatograms (Katajamaa et al., 2006; Pluskal et
al., 2010) after conversion of the raw data into metabolomics data matrices suitable for
multivariate analysis (Want and Masson, 2011). The raw GC-MS data files (.qgd) were
converted into NetCDF by the software GCsolution; the raw LC-MS data (WIFF and SCAN
files)

were

converted

into

mzXML

files

using

the

software

Proteo

Wizard

(http://proteowizard.sourceforge.net/). The converted files were imported to MZmine for filtering
of retention time and m/z range, peak detection including mass detection, chromatogram build
and peak deconvolution, alignment and peak finder functions. Retention time ranges of 11-55
min for GC-MS and 0-45 min for LC-MS were selected to avoid artifacts from derivatization
agents and baseline noise, respectively. Peak detection was optimized to reduce the complexity
of the chromatograms, avoid excessive noise features, and create a list of peaks that were each
denoted by a specific mass and retention time. Peak alignment was done subsequently to adjust
for slight variations in retention time and m/z values for different runs (Katajamaa and Oresic,
2005; Piletska et al., 2012). The parameters for Min time span, Min peak duration, m/z tolerance,
retention time tolerance, and noise level were: (a) 0.1, 0.1, 0.2, 0.2 and 3 x 103 for GC-MS; (b)
0.1 0.1, 0.3, 0.3 and 1.5 x 105 for LC-MS negative mode; (c) 0.1, 0.1, 0.3, 0.5 and 5 x 105 for
LC-MS positive mode, respectively. The deconvoluted and aligned datasets were exported to
.csv files and normalized the sum of total peaks with EXCEL to reduce systematic error in the
data comparisons.
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Multivariate data analysis was performed with SIMCA-P+ version 13.0 (Umetrics,
Umea, Sweden) for PCA and orthogonal partial least-squares discriminate analysis (OPLS-DA),
which organized the observations, cultivar types, and variables according to their dependence on
a small number of variables. The statistical results were visualized with a score plot that
discriminated between the cultivars and among the wounding time points, establishing which
values of m/z and retention time are responsible for these differences. As described previously,
the OPLS-DA results were visualized in a scatter plot, in which the variables at the extreme ends
(e.g., MS ions) were designated as potential biomarkers and verified as specific to a particular
sample type using a variable line plot (Wiklund, 2008; Dastmalchi et al., 2015).
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3. RESULTS and DISCUSSION for FHT-RNAi Potato Periderms
3.1 NMR Metabolomics Studies of Non-polar Extracts from Native Periderm
Metabolites in the non-polar extracts from wild type, FHT, WT-scab and FHT-scab
potato periderms were profiled by GC-MS and solution NMR. As noted above, advantages of
NMR metabolomics are its minimal requirements for sample preparation and crystal status is
non-discriminating and non-destructive technique (Schripsema, 2010). Principal component
analysis (PCA) of 1H NMR data shows clear clustering of nominally identical samples and
separation of the different types of potato (Fig. 3-1A). In principle, the further a cluster is
separated from others, the greater compositional differences it must have. Wild type and WTscab display a big difference compared with FHT-RNAi and FHT-RNAi-scab potato (hereafter
called FHT and FHT-scab) in both of the first two principal components. There are almost no
differences for WT vs. FHT and their corresponding scab periderms in the first principal
component, but they show clear differences in the second component. Hierarchical Cluster
Analysis (HCA) using SIMCA-P also shows the difference and distance between each type in an
easily visualized format (Fig. 3-1B). Thus, these four samples display clear differences in the
non-polar extracts. However, the sensitivity of NMR is low, so that only the highly abundant
metabolites can generally be detected when profiling complex mixtures. Moreover, identification
of individual compounds in complex mixtures is difficult even with 2D NMR methods. Thus the
metabolites present at low levels will be missing from the analysis (Want et al. 2005). To
overcome that shortcoming, mass spectrometry has been applied to obtain further
characterization.
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Figure 3-1 Solution-state NMR metabolomics analysis of native potato periderms
A: Score plot from PCA analysis of non-polar extracts of potato native periderm; B: Hierarchical
cluster analysis (HCA) by SIMCA-P. (Color code: WT (red), WT-Scab (green), FHT (blue),
FHT-Scab (black)).
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3.2 GC-MS Metabolomics Studies
GC-MS metabolite profiling of non-polar extracts from the four cultivars of potato
periderms revealed that approximately 90 components could be detected, and 73 of these were
identified by comparing the GC-MS metabolite spectra with the NIST 2008 mass spectral library
and Wiley 2009 library using the software GCsolution (Table 3-1). The identification of
metabolites is based on the similarity score resulting from the comparison of fragment patterns
between our measurements and the library data. Usually, the spectral peak is assigned to a
specific compound when the similarity score is higher than 80. The maximum molecular weight
detected with these criteria was 510.

The main classes of compounds identified included n-alkanes (9), 1-alkanols (12), fatty
acids (23), dicarboxylic acids (5), glycerol monoacyl-fatty acids(7), sterols (3) and other
compounds (glycerol, glycerol ester and glucose). Small amounts of phenolics (8), (e.g., caffeic
acid and vanillic acid) and “others” (e.g., phosphoric acid and glycerol) were also detected in the
non-polar extracts (Table 3-1).

Comparing the results with Bernards’ work (Yang and Bernards, 2007), which focused
on the study of this potato wound-healing process, more metabolites were identified in our native
periderms. This trend is attributed to periderm maturation, in which the metabolites accumulate
more than three months along with the growth of the potato tubers. The metabolites found
uniquely in native periderm samples have been labeled. Additional compounds to those reported
by Yang and Bernards were found in categories including alkanol, di-acid and phenolics, which
might come from our use of a different extraction method or different analytical instrument. A
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more significant explanation, however, could be that suberin-associated compounds differ
between the native potato periderm and the wound-healing biosynthesis pathway. For example,
longer chain fatty acids have been found in native periderms than in wound healing potatoes
(labeled

c, d

), which might indicate that native periderm suberin undergoes a more complete

developmental process.
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Table 3-1 Metabolites Identified in Non-polar Extracts of Wild Type and FHT-RNAi Native Potato Periderms by GC-MS
n-Alkanes(9)

1-Alkanols(12)

Fatty Acids(18)

Dicarboxylic acids(5)

Sterols(3)

Phenolics(8)

C18 (C18H38)

16:0 (C16H34O)c d

9:0 (C9H18O2) c d

Fumaric acid (C4H4O4) c d

Beta-Sitosterold

hydroquinone

Phosphoric acid c d

C21 (C21H44)c

18:0 (C18H38O)d

12:0 (C12H24O2) c d

Azelaic acid (C9H16O4) d

Stigmasterold

Vanillin

Glycerol c d

C22 (C22H46)d

21:0 (C21H44O)

13:0 (C13H26O2)

Sebacic acid (C10H18O4)

Cycloarlenold

Vanillic acid d

Phosphoric acid glycerol

C23 (C23H48)c d

22:0 (C22H46O)c d

14:0 (C14H28O2) c d

2-hydroxydecanedioic

Tyramine

octan-3-amine

C24 (C24H50)d

23:0 (C23H48O)

15:0 (C15H30O2) c d

acid (C10H18O5)

Ferulic acida
b

Other(6)

Heptadecanoic acid
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C25 (C25H52)

24:0 (C24H50O)d

16:0 (C16H32O2) c d

2-hydroxyundecanedioic

Caffeic acid

C26 (C26H54)

25:0 (C25H52O)d

17:0 (C17H34O2) c d

acid (C11H20O5)

2-hydroxybenzoic

methylprop-1-en-1-

C27 (C27H56)c

26:0 (C26H54O)d

18:0 (C18H36O2) c d

acid

yl)tetrahydro-2H-pyran d

C29(C29H60)

27:0 (C27H56O)d

20:0 (C20H40O2) c d

Unsaturated Fatty

monoacyl-fatty

28:0 (C28H58O)c d

22:0 (C22H44O2) c d

Acids(5)

acids(7)

29:0 (C29H60O)

23:0 (C23H46O2) c d

8:1 (C8H14O2)

C19H38O4 c d

30:0 (C30H62O)

24:0 (C24H48O2) c d

16:1 (C16H30O2) c d

C21H38O4 d

25:0 (C25H50O2)

18:1 (C18H30O2) c d

C21H40O4 c

26:0 (C26H52O2) c d

18:2 (C18H32O2) c d

C21H42O4

cd

cd

C25H48O4

27:0 (C27H54O2)

Glycerol

18:3 (C18H34O2)

28:0 (C28H56O2) c d

C25H50O4 d

29:0 (C29H58O2)

C29H58O4 d

4-methyl-2-(2-

2-hydroxybenzoic acid

30:0 (C30H60O2)

76 identified metabolites; 23 unidentified metabolites;

a

Wild type only; b FHT-RNAi only;

c

WT day 14 ; d FHT day 14

3.2.1 Native Periderm (WT, FHT, WT-Scab and FHT-Scab)
In order to do principal component analysis (PCA), the four native periderm samples
(WT, WT-Scab and FHT, FHT-Scab were profiled by GC-MS. In Fig. 3-2, the total ion
chromatograms of the non-polar extracts are displayed for trimethylsilyl derivative mixtures.
Each plot superimposes 9 biological replicates; the spectra are clean with excellent
reproducibility. It is easy to discern a number of obvious differences among the chromatograms
of WT, FHT, WT-Scab and FHT-Scab extracts. Based on the identifications in Table 1, at 41.53
min, WT shows the highest intensity of pentacosane (C25H50) and WT-Scab is the second.
However, at 47.88 min, FHT shows the highest intensity of hexacosane-ol (C26H52O) and FHTScab is the second one. Moreover, at 51.52 min, both WT and FHT show larger amounts of
Octacosanoic acid (C28H56O2) than their corresponding scab samples.

In Fig. 3-3, the replicate points for each sample are clustered together, confirming that the
experiment has very good reproducibility (9 replicates for WT, FHT and FHT-scab, 6 replicates
for WT-scab; 3 outlier points for FHT scab in PCA have been removed). The PCA result shows a
good separation of the clusters for the four samples, which indicates compositional differences
between WT, FHT, WT-Scab and FHT-Scab. This difference is clearly observable, separating
FHT significantly with respect to the other three samples along the first component axis, whereas
both the WT-Scab and FHT-Scab samples are also largely separated from the wild-type lines
along the second component axis. This observation indicates that the biosynthesis pathway is
different after the potato samples have been silenced or scabbed.
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WT

WT-scab

FHT-RNAi

FHT-scab
15

20
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35

40

45
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55

Retention Time (min)
Figure 3-2 GC-MS total ion current chromatograms (TIC) of native potato periderms.
Each trace represents data from 9 superimposed biological replicates. Mass spectra were
recorded in Electron Ionization (EI) mode from 8 to 64 min to avoid extraneous peaks from the
pyridine solvent and the derivatization reagent. (Color code: WT (red), WTscab (green), FHT
(blue) and FHTscab (black).)

WT

FHT-RNAi

WT scab

FHT scab

Figure 3-3 PCA score plot for metabolomic analysis of soluble extracts from native potato
periderm samples 9 biological replicate clusters color-coded for WT (red), FHT-RNAi (blue),
WTscab (green) and FHTscab (black) potato periderms. The x and y axes represent the score
values of principal components 1 and 2, respectively.
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3.2.2 OPLS-DA Analysis (differentially accumulated metabolites).
[The text in this section is derived from our draft manuscript to be submitted for publication]

Orthogonal Partial Least Squares Discriminant Analysis (OPLS-DA), a robust supervised
method for elucidating the contribution of particular metabolites to class differences (Gray and
Heath, 2005; Worley and Powers, 2013), was then applied to identify the differentially
accumulated compounds for FHT-RNAi and WT periderms from the GC-MS data described
above. These potential biomarkers are designated as those metabolites that have notably
increased or decreased relative abundance or which are present as unique compounds in a sample
of interest. By displaying the covariance and correlation from the OPLS-DA model as a scatter
plot (S-plot), we visualized both the magnitude of the enhanced abundance (P[1]) and the
reliability of the effect (P(corr)[1]). Fig. 3-4 illustrates ‘outlier’ points in GC-MS metabolomic
data that have high confidence scores (correlation values above 0.8 signifying abundance) and
specificity to a particular sample type. These S-plot points were then linked to the corresponding
chromatographic retention times, m/z values, and particular chemical compounds by comparison
with reference databases or published MS data (Wiklund, 2008).
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Abundant in WT

A

Abundant in FHTRNAi

B

XVar(325)

FHT-RNAi

WT

Num
Figure 3-4 Scatter plot and variable line plot of WT and FHT-RNAi native periderm
A: Scatter-plot; B:variable line plot. Highlighting potential biomarkers that contribute
significantly to different metabolite profiles for the native potato periderms from wild-type (WT)
and FHT-RNAi silenced tubers, derived from negative-mode GC-MS data for their polar
extracts. P[1] shows the magnitude of enhanced relative abundance for each metabolite, and
P(corr)[1] indicates the reliability of the effect. MS ions at the extreme ‘wings’ of the plot
(P(corr)[1] values greater than 0.80) were designated as potential biomarkers and checked for
specificity to the cultivar type using a variable line plot.
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In this way, 25 of 31 biomarkers were identified in the non-polar extracts (Table 3-2),
where the highly abundant FHT-RNAi metabolites include long-chain saturated fatty acids (C22,
C23, C24, C27), long-chain primary alcohols (C22, C26, C27, C28, C29), methyl esters (C16:0,
C18:2) and 1-monohexadecanoyl glycerol. By contrast, the classes of metabolites with
diminished abundance in FHT-RNAi periderms include alkanes (C21, C23, C25, C27, C29),
caffeic acid, other fatty acids (C16:0, C18:0, C18:2), and 2-hydroxydecanedioic acid.
Comparisons with previous related reports are marked below in Table 3-2.

52

Table 3-2 Potential Biomarker Metabolites by Chemical Class and Structure for Nonpolar FHT- RNAi Extracts from Native Potato Periderms
No. a M.W.

Formula

Compound Name

Molecular Structure

Ref.

FHT-RNAi up-regulated biomarkers
1

326.6

C22H46O

b,d,e

2

382.7

C26H54O

d,e

3

396.7

C27H56O

4

410.7

C28H58O

b,d,e

5

424.8

C29H60O

b,d

6

242.4

C15H30O2

c, d

7

340.6

C22H44O2

c, d,e

8

354.6

C23H46O2

Straight-chain primary
alcohols

H3C

OH
n

b, d

O

H3C

Saturated fatty acids

n

c, d,e

OH

9

368.6

C24H48O2

10

410.7

C27H54O2

11

270.5

C17H34O2

Methyl palmitate

12

294.5

C19H34O2

Methyl linoleate

O
O

H3C

CH3

O
H3C

O

CH3

OH
O

13

180.1

C6H12O6

OH

d

Glucose

HO

OH
OH

O

H3C

14

330.5

C19H38O4

OH

Palmitoyl glycerol

b, c, d

O
OH

FHT-RNAi down-regulated biomarkers
1

296.6

C21H44

c, b, d

2

324.6

C23H48

d

3

352.7

C25H52

4

380.7

C27H56

5

408.8

C29H60

6

438.8

C30H62O

n-Alkanes

d

H3C
n

CH3

b, d, e
d
b, e

H3C

Triacontanol

OH
n
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Table 3-2 continued, page 2 of 2
No.

M.W.

Formula

Name of Metabolite

7

256.4

C16H32O2

Palmitic acid

8

284.4

C18H36O2

Stearic acid

Ref.

Molecular Structure

c, d
O

H3C
n

c, d

OH

c, d
H3C

9

280.4

C18H32O2

Linoleic acid
HO
O

b, d, e

O

10

180.1

C9H8O4

Caffeic acid

HO

OH
HO

c
O

11

218.2

C10H18O5

2-hydroxydecanedioic
acid

HO

OH
O

a

OH

25 out of 31 non-polar metabolite markers were identified from GC-MS data using
GCMSsolution software to access the NIST 2008 and Wiley 2009 mass spectral libraries.
b
Metabolites identified by Huang, et al. (unpublished observations) in non-polar extracts from
native periderms of four potato cultivars (Atlantic, Chipeta, Norkotah Russet, Yukon Gold).
c
Metabolites identified by Dastmalchi, et al. (2015) in non-polar extracts from wound periderms
of four cultivars (Atlantic, Chipeta, Norkotah Russet, Yukon Gold). (Dastmalchi et al., 2015)
d
Metabolites identified by Yang, et al. (2007) in non-polar extracts from wound periderms
(Russet Burbank). (Yang and Bernards, 2007)
e
Metabolites identified by Serra, et al. (2007) in wax compound from potato native periderm
(Desirée). (Serra et al., 2010)
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3.2.3 Wound-Healing Periderms (WT& FHT day-0, day-3, day-7 and day-14)
As shown in Fig. 3-5, wound-healing extracts from the periderm of the FHT-RNAi
variety undergo a qualitatively similar time course of suberization to the wild type. Independent
PCA analyses of the wild type and FHT-RNAi samples show that each variety has a clearly
separate cluster at day-0, when the sample is only the freshly wounded flesh tissue. Thus day-0 is
totally separated from the other three groups, while day-3, day-7 and day-14 samples are wound
healed after cutting for 3, 7, and 14 days. Each time progression shows clear differences between
the fresh tissue and the other three groups of wound periderm. PCA analyses also show that the
metabolites are developing by day 3. However, the trends at the later time points are not that
distinct, because poor consistency among nominally identical samples at a given time point
causes the three clusters to overlap with each other. Given the excellent consistency observed for
the corresponding polar extracts and the equipment challenges described in Section 3.2.4, these
observations could be instrumental in origin section 3.2.4.[tests are being conducted by our
collaborators]
Since the PCA results show that the clustering of biological replicates is not very clear
compared at different days between the two types of samples, we cannot designate any
biomarkers that are statistically valid. Nonetheless, we compared the extracts obtained at each
time point for one of the WT and FHT-RNAi samples to check the identification manually. In
general, there were no significant differences between WT and FHT-RNAi metabolite profiles at
days 0, 3, or 7. Small differences were observed between the day-14 extracts (Fig. 3-6): The
highly abundant FHT-RNAi metabolites include saturated fatty acids (C8, C12, C14, C15, C17,
C18, C22, C24, C26), long-chain primary alcohols (C20, C22, C24 C26, C28), alkanes (C21,
C23, C25, C27, C29) and glycerol monoacyl fatty acids (C18, C22). Only fatty acids (C16:0,
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C18:1, C18:2) were found as down-regulated metabolites characteristic of day-14 non-polar
FHT-RNAi periderm extracts (Table 3-3) .
Some of these metabolites in wound-healing tissues were also found as biomarkers in
native periderms (Section 3.2.2), where many more metabolites were observed. However, the
compositional differences for wound tissues are very modest compared with the variability
among biological replicates, which may compromise the reliability of the findings.

Figure 3-5 PCA score plot of non-polar extracts from wound-healing potato tissues
Color code: day 0 (green), day 3 (red), day 7 (yellow) and day 14 (blue). Up: Comparison of
four time points for wild type samples; Down: Comparison of four time points for FHT-RNAi
samples.
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Table 3-3 Potential Biomarker Metabolitesa by Chemical Class and Structure for
Nonpolar Extracts from Wound Healing day 14 Periderms
No.

M.W.

Formula

Compound Name

Molecular Structure

Ref.

FHT-RNAi up-regulated biomarkers
1

298.3

C20H42O

b, d

2

326.3

C22H46O

b, d, e

3

354.4

C24H50O

4

382.4

C26H54O

5

410.4

C28H58O

b, d, e

6

144.1

C8H16O2

b

7

200.2

C12H24O2

b, d

8

228.2

C14H28O2

b, c, d

9

242.2

C15H30O2

b, c, d

10

270.2

C17H34O2

11

284.2

C18H36O2

12

340.3

C22H44O2

b, c, d

13

328.3

C24H48O2

c, d, e

14

396.4

C26H52O2

b, d, e

15

324.4

C23H48

16
17

338.4
352.4

C24H50
C25H50

n-Alkanes

18

358.3

C21H42O4

19

414.4

C25H50O4

Glycerol monoacyl fatty
acid

20

Straight-chain primary
alcohols

H3C

b, d, e

OH
n

Saturated fatty acids

b, d, e

b, c, d

O

H3C
n

b, c, d, e

OH

b, d

H3C

CH3

n

b, d
b, c, d, f

O

H3C

OH
O
OH

f

Sterols

FHT-RNAi down-regulated biomarkers
b, d

1

256.4

C16H32O2

Palmitic acid

2

280.4

C18H32O2

Linoleic acid

3

282.4

C18H34O2

Oleic acid

O

H3C

b, c, d

n
OH
b, c, d

a

23 out of 30 nonpolar metabolite markers were identified from GC-MS data using
GCMSsolution software to access the NIST 2008 and Wiley 2009 mass spectral libraries.
b
Metabolites identified by Huang, et al. (unpublished observations) in nonpolar extracts from
native periderms of four potato cultivars (Atlantic, Chipeta, Norkotah Russet, Yukon Gold).
c
Metabolites identified by Dastmalchi, et al. (2015) in nonpolar extracts from wound periderms
of four cultivars (Atlantic, Chipeta, Norkotah Russet, Yukon Gold). (Dastmalchi et al., 2015)
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d

Metabolites identified by Yang, et al. (2007) in nonpolar extracts from wound periderms
(Russet Burbank). (Yang and Bernards, 2007)
e
Metabolites identified by Serra, et al. (2010) in wax compound from potato Native periderm
(Desirée). (Serra et al., 2010)
f
Metabolites identified by Graça et al. (2000) in depolymerization compound from potato Native
periderm. (Graça and Pereira, 2000)

FHT-RNAi

PC 2

WT

PC 1

Figure 3-6 PCA score plots of non-polar extracts from wound healing day 14 potato
periderm samples 9 biological replicate clusters color-coded for WT day 14 (black) and FHTRNAi day 14 (gray) potato periderms. The x and y axes represent the score values of principal
components 1 and 2, respectively.
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3.2.4 GC-MS trouble shooting – column bleeding
In general, there are three major causes of column bleeding. (1) Thermal damage can
occur as the column temperature increases; (2) oxygen damage can result from a leak in the
carrier gas flow path; (3) chemical damage can result from acids (HCl, H2SO4, HNO3, and
H3PO4), bases (KOH, NaOH, NH4OH), or derivatization reagents (TFFA, PFPA, HFBA,
MBTFA). Those circumstances will lead to irreparable damage to the GC column’s stationary
phase and high bleed-through will also cause significant reduction in retention times, increased
tailing for active compounds, and loss of resolution. Fig. 3-7 shows two blank runs before and
after GC-MS was run for 24 h. The peaks identified in Blank 2 are a series of cyclic
polysiloxanes, which arise via the bleeding mechanism shown in Fig. 3-8). The abnormal
elevated baseline at high temperature also indicates a high degree of bleeding in the column.
Since the bleeding gets worse with time, more and more cyclic polysiloxanes are coming out of
the column. Those unexpected peaks and contaminations presumably cause the spectra of the 9
biological replicates to exhibit very bad reproducibility, which is an important factor affecting
the PCA results.
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Figure 3-7 Blank runs with a bleeding GC column
Blank 1 (black) is the initial blank sample, and blank 2 (red) is a blank sample after GC-MS was
run for 24 h.

Figure 3-8 Basic mechanism for column bleeding (http://www.chromacademy.com)
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3.3 LC-MS Metabolomics Studies
[The experimental and results in this section come from the work of Liqing Jin and are drawn in
part from our draft manuscript to be submitted for publication.]

The LC-MS metabolite profiling of polar extracts has identified that 35 out of 72
compounds of native periderm and 23 out of 33 compounds of wound healing day 14 periderm
by comparing retention time and tandem MS/MS fragments from LC-MS data, accurate mass
from TOF data and literature reports. The main classes of compound detected by LC-MS
included phenolic amides, phenolic acids, flavonoid glycosides, glycoalkaoids and others (Table
3-4). These identifications are on the accurate mass extracted from TOF or MS/MS
fragmentation, and searches of online databases such as Scifinder, Pubchem, and Metfrag. There
are also some metabolites, which are unreported, but have similar fragments to the identified
compounds. Assignment of this kind of compound was based on analysis of the MS/MS
fragmentation to deduce the formula and structure and further confirmation by TOF data.
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Table 3-4 Metabolites Identified in Polar Extracts of Native and Wound Potato Periderms
RT

[M-H]-/[M+H]+

MS2 (% intensity)

TOF
(Error)

Compound

Periderm
Type (n, w)

References

6.0

191.1/193.0

147.0(7), 111.0(100), 87.0(10)

191.0557
(2.1ppm)

Quinic acid
C7H12O6

n, w

(Dou, Lee, Tzen
and M., R., Lee,
2007)

9.4

251.2/253.1

251.2(100), 129.0(16), 120.9(17)

dihydro-Caffeoylputrescine
C13H20N2O3

n, w

10.8

251.1399
(0.8 ppm)

249.1255
(4.4 ppm)

62

249.1/250.9

249.1(100), 207.1(15), 135.0(44)

11.4

529.4/531.3

529.4(43), 407.3(55), 365.4(100),
285.4(17), 243.3(31), 121(23),

11.8

249.1/250.8

249.1(100), 207.1(16), 160(3),
148.1(4), 135(61),107.1(4)

249.1255
(4.4 ppm)

12.4

529.4/531.5

529.4(45), 407.4(49), 365.3(100),
285.3(19), 243.3(32), 121(20),

529.3057
(4.9 ppm)

13.3

527.4/529.2

14.3

543.3/-

14.7

16.6

527.4(25.8), 391.3(100), 365.3(11),
348.3(20.5), 161.0(8.3), 135.0(62),
121.0(4.9)
543.3(30), 421.4(11), 365.3(100),
334.2(11), 320.2(15), 306.2(26),
285.3(15), 243.4(30), 180.1(11),
135(79), 121(34)

262.9/264.8c

265.1(100), 248.1(15), 177.0(69),
145.0(19)

472.3/474.0

472.3(5), 308.2(63), 186.1(27),
121.0(100), 115.1(22), 107.9(20)

529.3057
(4.9 ppm)

527.2877
(0.4 ppm)

n, w

(Matsuda et al.,
2005; NarváezCuenca et al.,
2012)

n

(Shakya and
Navarre, 2006)

Caffeoylputrescine
C13H18N2O3

n, w

(Matsuda et al.,
2005)

N1,N12-bis(dihydrocaffeoyl)
spermine, C28H42N4O6

n, w

(Shakya and
Navarre, 2006)

Caffeoylputrescine
C13H18N2O3
bis(dihydrocaffeoyl) spermine
isomer
C28H42N4O6

bis(dihydrocaffeoyl)-(caffeoyl)
spermine
C28H40N4O6

n, w

bis(dihydrocaffeoyl)(dihydroferuloyl) spermine
C29H44N4O6

n

265.1536
(-3.8 ppm)

Feruloylputrescine
C14 H20N2O3

n, w

(Matsuda et al.,
2005;
Dastmalchi et
al., 2014)

472.2441
(-1.5 ppm)

N1,N8-bis(dihydrocaffeoyl)
spermidine
C25H35N3O6

n, w

(Shakya
Navarre, 2006)

Table 3-4 continued, page 2 of 5
RT

[M-H]-/[M+H]+

MS2 (% intensity)

TOF
(Error)

Compound

Periderm
Type (n, w)

353.0870
(-0.8 ppm)

1-o-caffeoyl quinic acid, C16H18O9
3-o-caffeoyl quinic acid, C16H18O9
5-o-caffeoyl quinic acid, C16H18O9

n, w

References
(NarváezCuenca et al.,
2012;
Dastmalchi et
al., 2014)
(NarváezCuenca et al.,
2012;
Dastmalchi et
al., 2014)
(NarváezCuenca et al.,
2012)
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17.0

353.3/355.0

191(100), 161.1(8), 135(5)

17.5

375.1/376.7

375(2), 215.0(10), 201.0(100),
179.0(31.8), 161.1(21), 157(9),
135(41)

375.0701
(0.8 ppm)

353+Na
C16H17O9Na

n, w

19.5

179.0/181.0

179.0(2), 135.0(100), 134.0(14),
117.1(4), 107.0(15),89(4)

179.0353
(-1.6 ppm)

Caffeic acid
C9H8O4

n, w

20.0

449.1/473.1e

449.1083
(-1.3 ppm)

Eriodictyol 7-β-D-glucoside
C21H22O11

n

693.3513
(1.1 ppm)

N1,N4,N12-tris(dihydrocaffeoyl)
spermine
C37H50N4O9

n, w

tris(N1-caffeoyl, N4,N12dihydrocaffeoyl) spermine
C37H48N4O9

n

N1,N4,N8-tris(dihydrocaffeoyl)
spermidine hexcoside
C40H53N3O14

n

(Parr et al.,
2005; Neubauer
et al., 2012)

20.6

21.2

24.1

25.0

449.1(79), 287.0(53), 269.1(97),
259.1(100), 150(11)

(Shakya and D.,
A., Navarre,
2006;
Dastmalchi et
al., 2014)

693.4/695.1

693.4(12), 571.4(26), 529.4(65),
449.4(21), 407.3(100), 365.4(86),
285.3(46), 243.3(38), 121(15)

691.6/693.1

691.4(4), 529.4(100), 407.4(27),
365.4(48), 161(35.7)

798.4/800.5

798.4(2), 636.3(100), 514.3(10),
472.3(37), 350.2(12)

593.3/595.1

593.2(48), 285.1(100), 284.1(81),
255(25)

593.1507
(0.7 ppm)

Luteolin-7-O-rutinoside
C27H30O15

n

(Chen et al.,
2012;
Dastmalchi et
al., 2014)

310.1(59), 295.1(20), 252.2(8.5),
161.0(100), 133(26)

328.1193d
(-0.3 ppm)
310.1074
(-3.5 ppm)

N-feruloyloctamine (FO)
C18H19NO5
Ferulic acid amide
C18H17NO4 [328-H2O]

n

(Shakya and D.,
A., Navarre,
2006)

328.2/330.4
25.4
310.1/312.2

691.3324
(-2.7 ppm)

Table 3-4 continued, page 3 of 5
TOF
(Error)

Compound

636.3/638.1

636.3(59), 514.3(35), 472.2(100),
392.2(26), 350.2(91), 308.2(61),
228.2(25)

636.2927
(0.1 ppm)

N1,N4,N8-tris(dihydrocaffeoyl)
spermidine
C34H43N3O9

n, w

28.3

912.5/-

912.5(48), 866.5(100), 720.6(1.5),
704.5(16)

912.4982
(2.3 ppm)

-Solanine + HCOOH
(C45H73NO15 + HCOOH)

n, w

28.3

866.6/868.2

866.5(14),720.5(7), 704.5(100),
558.5(19)

866.4918
(1.2 ppm)

-Solanine
C45H73NO15

n, w

28.4

896.5/-

896.5(51), 850.5(100), 704.5(4)

896.5046
(3.8 ppm)

-Chaconine+ HCOOH
(C45H73NO14 + HCOOH)

n, w

28.6

850.5/852.1

850.5(100), 704.4(14)

850.4993
(4.1 ppm)

-Chaconine
C45H73NO14

n, w

28.8

704.5/706.5

704.4(75), 558.6(50), 112.9(100)

704.4374
(0.7 ppm)

-Solanidine-Glc-Rha
C39H63NO10

n

(Matsuda et al.,
2005)

29.0

1049.5/1051.3

1049.5(38), 903.4(100), 757.4(55),
741.4(21), 433.4(13)

1049.5568
(2.9 ppm)

Dihydro-ASP-II
1047+2H
C51H86O22

n, w

(Dawid and
Hofmann, 2014)

29.2

857.4/859.4

857.4(67), 735.4(100), 693.4(100),
571.5(59), 529.4(61), 449.4(30),
407.4(50), 365.4(21), 285.4(13)

857.3973
(0 ppm)

N1,N4,N9,N12tetra(dihydrocaffeoyl)spermine
C46H58N4O12

n

(Shakya and
Navarre, 2006)

[M-H]-/[M+H]+

MS2 (% intensity)

26.4

RT

[M+HCOO-H]-

64

-

[M+HCOO-H]

Periderm
Type (n, w)

References
(Shakya and D.,
A., Navarre,
2006;
Dastmalchi et
al., 2014)
(Matsuda et al.,
2004; Shakya
and Navarre,
2006)
(Matsuda et al.,
2004; Shakya
and Navarre,
2006;
Dastmalchi et
al., 2014)
(Matsuda et al.,
2004; Shakya
and Navarre,
2006;
Dastmalchi et
al., 2014)
(Matsuda et al.,
2004; Shakya
and Navarre,
2006;
Dastmalchi et
al., 2014)

Table 3-4 continued, page 4 of 5
[M-H]-/[M+H]+

MS2 (% intensity)

TOF
(Error)

29.6

623.4/-

623.4(11), 460.2(100), 445.4(14),
336.2(24), 324.2(13), 322.2(30)

623.2405
(1.0 ppm)

30.4

1047.5/625.2

1047.4(100), 901.5(64), 883.5(16),
755.4(31), 737.5(11)

1047.5391
(0.9 ppm)

31.7

655.3/657.1

655.3(100), 637.3(62), 619.4(39),
484.3(30), 476.3(16), 458.3(78),
415.4(20), 297.3(42)

655.2301d
(0.6 ppm)

FO-FO dimer
C36H36N2O10

32.0

312.1/314.2

312.0(100), 297.1(32), 190.2(34),
178.8(49), 176.1(13), 148.1(31)

312.1236
(0.9 ppm)

N-Feruloyltyamine (FT)
C18H19NO4

n

34.2

641.2/-

623.4(10), 489.2(19),460.2(41),
336.2(10), 326.2(100), 312.2(15),
151.0(16)

641.2513 d
(-1.0 ppm)

Dihydro-FT-FO dimer
C36H38N2O9

n

34.6

623.4/625.2

623.4(40), 460.2(100), 445.2(25),
444.2(50), 336.1(26), 283.1(27)

623.2405
(1.0 ppm)

35.5

639.3b/641.3

639.3(100), 621.5(70), 460.4(78),
297.3(54), 578.5(30), 486.3(29),
458.3(21), 415.4(10)

639.2346d
(0.6 ppm)

37.5

623.4/625.3

623.4(11), 460.2(100), 445.4(14),
336.2(24), 324.2(13), 322.2(30)

623.2405
(1.0 ppm)

RT

Periderm
Type (n, w)

References

FT-FT dimer (Grossamide)
C36H36N2O8

n

(Bolleddula et
al., 2012;
Dastmalchi et
al., 2014)

Protodioscin/neoprotodiosin
C51H84O22

n, w

(Dawid and
Hofmann, 2014)

Compound
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FT-FT dimer (Grossamide )
C36H36N2O8

FT-FO dimer
C36H36 N2O9

FT-FT dimer (Grossamide)
C36H36N2O8

n, w

n, w

n, w

n, w

Incompletely Identified Constituents

21.8

723.4/725.4

723.4(77), 708.4(100), 691.4(9),
571.4(17), 555.4(47), 544.4(17),
529.4(75), 407(22), 391.3(14),
365.3(16), 137(40)

723.1753

Polyamine

n

(Matsuda et al.,
2005;
Dastmalchi et
al., 2014)

(Serra et al.,
2010;
Dastmalchi et
al., 2014)
(Serra et al.,
2010;
Dastmalchi et
al., 2014)
(Serra et al.,
2010;
Dastmalchi,
Cai, Zhou, et
al., 2014)

Table 3-4 continued, page 5 of 5
RT

22.5

22.6

23.0

[M-H]-/[M+H]+

MS2 (% intensity)

721.2/723.5

555.3(100), 529.4(17), 512.3(17),
433.3(14), 407.4(4), 391.3(51),
390.3(29), 365.2(7), 348.3(35),
191.0(4), 165.0(10), 163.0(5),150(26)

903.3/-

903.1(13), 741.2(24.3), 723.3(6.9),
647.3(13.6), 621.2 (7), 577.2(6),
501.0(13.6), 449.1(100), 311.1(10),
287.1(44.4), 269.0(19.5), 193.0(13)

933.2/-

933.2(11), 753.2(18), 677.1(19),
651.4(12), 501.2(19), 479.2(70),
449.2(100), 341.1(16), 317.1(25),
299.1(19), 287.1(46), 269.0(19.8),
193.0(9.3)
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23.7

903.3/905.4

24.5

933.2/935.4

903.1(7), 741.2(26), 723.3(8.3),
647.3(9.7), 621.2 (9.3), 577.2(7),
501.0(8), 449.1(100), 287.1(36),
269.0(17.7), 311.1(14), 193.0(8)
933.2(64), 795.3(5), 771.3(16),
753.2(5.1), 677.2(8.8), 651.2(3),
501.2(6.6), 449.1(100), 287.1(13.2)

TOF
(Error)

Compound

Periderm
Type (n, w)

Polyamine

n

903.2575d
(1.2 ppm)

C42H48O22
Flavonoid

n

933.2677d
(-0.7 ppm)

C43H50O23
Flavonoid

n

903.2575d
(1.2 ppm)

C42H48O22
Flavonoid

n

933.2677d
(-0.7 ppm)

C43H50O23
Flavonoid

n

References

Unidentified
20.8, 721.3/723.5; 21.0, 719.4/-; 22.1, 721.3; 22.6, 719.4b/721.0; 22.7, 885.4/887.4; 24.3, 963.1a/965.5; 26.2, 1019.4/1021.5; 26.8, 664.3/666.3; 27.3,
925.4/927.7; 27.7, 634.5/636.0; 27.7, 666.3/668.3; 28.1, 1065.4a/1067.8; 28.9, 803.3b/805.5; 29.5, 1063.4/1064.8; 29.5, 885.4 /-; 29.6, 751.4/-; 29.9,
1061.5/938.7; 30.0, 887.4/889.1; 30.1, 1045.4/1047.8; 30.3, 1048.5b/-; 30.7, 602.2b/-; 30.4, 885.4b/-; 31.5, 1033.4/1035.7; 32.3, 1091.4/1093.5; 34.3,
932.3/934.4; 34.5, 946.4b/948.5; 35.2, 933.3/-; 35.6, 917.4/-; 35.6, 871.8/873.6; 36.0, 916.4/918.6; 38.6, 329.3/-

35 identified metabolites for native periderm and 23 identified metabolites for wound periderm after 14 days
37 unidentified metabolites for native periderm and 10 unidentified metabolites for wound periderm after 14 days (bold)
a
Wild type only; b FHT-RNA only
c
MS2 extracted from positive mode.
d
TOF data from Hunter College LC-TOF instrument
e
[M+Na]+

3.3.1 Native Periderm (WT and FHT-RNAi)
High Performance Liquid Chromatography – Mass Spectrometry (LC-MS) was used to
analyze the polar extracts (m/z 100-1300), showing consistent results when examined visually or
statistically. For instance, each trace in Fig 3-9 represents superimposed chromatograms from 9
biological replicates, which show excellent reproducibility and also reveal clear differences
between the wild-type (WT) and FHT-RNAi silenced samples. Multivariate statistics were used
to provide an unbiased Principal Component Analysis (PCA) of the data, confirming both
consistency among replicates of each type of periderm and differences between the two cultivars
(WT and FHT-RNAi). Thus in Fig 3-10, the score plot illustrates results for the polar metabolites
from WT and FHT-RNAi native periderms detected in negative mode (a) and positive mode (b).
Nominally identical samples (9 replicates) cluster very well, but the two periderm types are
clearly separated from each other with respect to the first principal component, indicating notable
and consistent changes among the polar soluble metabolites in the native potato periderm that are
associated with FHT-RNAi silencing.

67

FHT

WT

0

5

10

15

20

25

30

35

40

45

Retension Time (min)

Figure 3-9 LC-MS chromatograms from polar extraction of native periderms.
Each trace represents 9 replicates superimposed (from negative mode ionization) to verify
reproducibility. Color code: WT (red); FHT (blue).

FHT

FHT

WT

WT

Figure 3-10 PCA score plot analysis of polar metabolites in native Wild Type and FHTRNAi potato varieties. Discrimination among two varieties: (A) negative mode (B) positive
mode.
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3.3.2 OPLS-DA Analysis (Differentially Accumulated Metabolites)

[The text in this section is drawn from our draft manuscript to be submitted for publication]
Multivariate analyses of polar extracts demonstrate the impact of FHT-RNAi silencing has been
processed by OPLS-DA as a scatter plot (S-Plot) (Fig. 3-11). In this way, we identified 25 of 33
potential biomarkers in the polar extracts (Table 3-5) that belong to various structural classes.
Compared with the WT periderm, phenolic amines such as caffeoylputrescine, feruloylputrescine,
feruloyltyramine, and amide dimers are highly abundant markers for the FHT-RNAi native
periderm. Each of these phenolic amines was reported previously for FHT-RNAi cultivars in a
qualitative analysis using methanol-water extraction of potato periderms (Serra et al., 2010).
Phenolic acids related to caffeoyl quinic acid and glycoalkaloids such as α-chaconine, α-solanine
and protodioscin are found as highly abundant WT biomarkers in the polar extracts.

Abundant in WT

Abundant in FHT-RNAi

Figure 3-11 Scatter plot (S-plot). Highlighting potential biomarkers that contribute
significantly to different metabolite profiles for the native potato periderms from wild-type (WT)
and FHT-RNAi silenced tubers, derived from negative-mode LC-MS data for their polar
extracts.
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Table 3-5 Potential Biomarker Metabolites by Chemical Class and Structure for Polar Extracts from Native Potato Periderms
No.

Ions a

TOF b
(error)

MS/MS Fragment
iona

Compound Name,
Formula

Molecular Structure

Ref.

FHT-RNAi up-regulated biomarkers
Phenolic amines
1

250.9
[M-H]-

251.1399
(0.8ppm)

129.0, 120.9, 93.0

dihydroCaffeoylputrescine
C13H20N2O3

O
HO

NH2

NH

O

2

249.3c
[M-H]

-

249.1255
(4.4ppm)

207.1, 160.9, 148.1,
135, 107.1

Caffeoylputrescine
C13H18N2O3

265.1536
(-3.8ppm)

248.1, 177.0, 145.0

Feruloylputrescine
C14H20N2O3

312.1236
(0.9ppm)

297.1, 190.2, 178.8,
148.1

623.2405
(1.0ppm)

460.2, 445.4, 336.2,
324.2, 322.2

623.2405
(1.0ppm)

460.2, 444.2, 623.4,
283.1, 336.1, 445.2

NH

NH2

(Matsuda et al.,
2005; Dastmalchi et
al., 2014)

NH

NH2

(Matsuda et al.,
2005; Dastmalchi et
al., 2014)

HO
HO
O

3
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4

5

6

265.1d
[M+H]

+

312.1c
[M-H]-

623.4
[M-H]-

623.3
[M-H]

-

N-Feruloyltyamine
(FT)
C18H19NO4
Grossamide
(FT-FT dimer)
C36H36N2O8
Grossamide
(FT-FT dimer)
C36H36N2O8

Not reported

HO

O
HO
O

OH

(Matsuda et al.,
2005; Dastmalchi et
al., 2014)

OH

(Serra et al., 2010;
Dastmalchi et al.,
2014)

O
NH
HO
OH
HO
O

H3CO

NH
O

O

NH
H3CO

Cis/trans Grossamide
OH
HO

7

655.3
[M-H]

-

655.2301
(0.6ppm)

655.3, 637.3, 619.4,
484.3, 476.3, 458.3,
415.4, 297.3

FO-FO dimer
C36H36N2O10

O

H3CO

NH

OH

OH

Not reported

O

O

NH

OH

H3CO
OH
HO

8

641.4
[M-H]

-

641.2513
(-1.0ppm)

623.4, 489.2, 460.2,
336.2, 326.2, 312.2,
151.0

Dihydro-FT-FO dimer
C36H38N2O9

O

H3CO

NH
O

OH

O
NH

H3CO

OH

Not reported

Table 3-5 continued, page 2 of 4
No.

TOF
(error)

Ions

MS/MS Fragment
ion

Compound Name,
Formula

Molecular Structure

Ref.

OH
HO

9

639.2346
(0.6ppm)

639.4
[M-H]-

621.5, 460.4, 297.3,
578.5, 486.3, 458.3,
415.4

FT-FO dimer
C36H36N2O9

O

H3CO

NH
O

OH

OH

O
NH

(King and Calhoun,
2010; Serra et al.,
2010; Landgraf et al.,
2014)

H3CO

10

721.2

721.1606

11

803.2

803.3113

12

602.3

71

Incompletely Identified Constituents
721.2, 706.3, 585.4,
570.3, 555.4, 529.3,
phenolic amines
512.3, 407.3, 391.3,
348.2, 191,150
803.3, 641.3, 623.3,
cinnamic acid
489.3, 326.2, 312.2,
derivative
151.1
602.2, 341.2, 328.2,
282.1, 250.1, 245.0,
231.0, 193.0, 151.0,
136.0

FHT RNAi down-regulated biomarkers
Phenolic acids
13
14

353.1c
[M-H]

-

375.0
[M+Na-H]

15

353.1

16

375.8

-

[M-H]-

[M+Na-H]-

caffeoyl quinic acid
isomer
C16H18O9

353.0870
(-0.8ppm)

191.0, 161.1, 135

375.0701
(0.8ppm)

201.0, 179.0, 161.1,
135

C16H17O9Na

353.0870
(-0.8ppm)

191.0, 161.1, 135

caffeoyl quinic acid
isomer
C16H18O9

375.0701
(0.8ppm)

201.0, 179.0, 161.1,
135

OH
OH

O
O
HO
O

OH

(Narváez-Cuenca et
al., 2012; Dastmalchi
et al., 2014)

OH
HO

C16H17O9Na
O

17

179.1
[M-H]-

161, 135.0, 107.0, 89

Caffeic acid
C9H8O4

HO
OH
HO

(Narváez-Cuenca et
al., 2012)

Table 3-5 continued, page 3 of 4
No.

Ions

18

866.2c
[M-H]-

TOF
(error)

MS/MS Fragment
ion

866.4918
(1.2ppm)

720.5, 704.5, 558.5

Compound Name,
Formula
Glycoalkaloids
-Solanine
C45H73NO15

Molecular Structure
H
H

H

19

20

[M+HCOOH
-H]-

850.1c
[M-H]

-

896.5c
21

[M+HCOOH
-H]-

866.5, 720.6, 704.5

HOH 2C

850.5, 704.5

O

OH

O

O

HO

OH

O

OH
OH

-Chaconine
C45H73NO14
Chaconine+HCOOH

H

O

HO

C45H73NO15 HCOOH

850.4993
(4.1ppm)
896.5046
(3.8ppm)

.

H

O

-Solanine+HCOOH
912.4982
(2.3ppm)

(Matsuda et al.,
2004; Shakya and D.,
A., Navarre, 2006;
Dastmalchi et al.,
2014)

N

H
HOH 2C

912.5c

Ref.

OH

H3C

H
H

H
H

O
H3C

O

.

H

O

O

OH

O

OHHO

HO

(Matsuda et al.,
2004; Shakya and D.,
A., Navarre, 2006;
Dastmalchi et al.,
2014)

N

H
HOH2C

OH

OH

O

C45H73NO14 HCOOH

OH

H3C

H
H
N

H

72

22

704.4374
(0.7ppm)

704.3
[M-H]-

Solanidine-Glc-Rha

H

HOH 2C

H

O

558.6, 112.9

O

HO

C39H63NO10

(Matsuda et al.,
2004)

H

HO

OH

O

OH

O

OH

H3C

H

1049.8
23,
24

[M-H]-

1095.7c
[M+HCOOH
-H]-

HO

Dihydro-ASP-II

c

1049.5568
(2.9ppm)

903.4, 757.4, 741.4,
433.4

O

O
HOH2C

C51H86O22

OH

O

OH

O
O

O

O

OH

OH

OH

O

OHHO

HO

HOH2C

O

(Dawid and
Hofmann, 2014)

OH
OH

OCH3

25

1061.8

1061.5220
(4.3ppm)

915.4, 899.4, 881.4,
753.5, 735.5, 687.4,
573.5, 555.5

H
O

O
HOH2C

C51H84O23

OH

O

OH

O
O

OHHO

HO
OH

O

O

HOH2C
OH

O
O

OH
OH

OH

Not reported

Table 3-5 continued, page 4 of 4
No.

Ions

TOF
(error)

MS/MS Fragment
ion

Compound Name,
Formula

Molecular Structure

Ref.

H
HO

1047. 7
26,
27

[M-H]-

1093.7
[M+HCOOH
-H]-

1047.5391
(0.9ppm)

901.5, 883.5, 755.4,
737.5

Protodioscin
/neoprotodioscin

OH

O

OH

O
O

C51H84O22

O

O
HOH2C

OHHO

HO

O

O

OH

HOH2C
OH

O

OH

(Dawid and
Hofmann, 2014)

OH

O

OH

Other Constituents
O

28

191.1
[M-H]-

191.0557
(2.1ppm)

Quinic acid

OH

HO

147.0, 111.0, 87.0
C7H12O6

(Dou et al,. 2007)
HO

OH
OH

Incompletely Identified Constituents

73

29

1045.7

30

933.5
[M-H]-

1045.5243
(1.7ppm)
933.2677
(-0.7 ppm)

31

925.0

925.4343

32

1063.6

1063.5422
(25 ppm)

1027.4,899.4, 881.4,
735.4, 555.4
753.2, 771.3, 449.1,
287.1
717.4, 570.4, 553.1,
511.4
1045, 903, 883.5,
721.4

1033.5624
(3.4ppm)

887.5, 869.5, 741.5,
723.5

C51H82O22
C43H50O23
Flavoniod

1033.7
[M-H]-

33

1079.7
[M+HCOOH
-H]-

C51H86O21

1049-O

a: Ions and fragmentation data obtained from LC-MS and LC-MS2 analysis using a 4000Q Trap instrument.
b: Exact mass data obtained from TOF data analysis.
c: Potential biomarkers identified by Huang, et al. (unpublished observations) in polar extracts from native periderms of four cultivars (Atlantic,
Chipeta, Norkotah Russet, Yukon Gold).
d: Positive-mode LC-MS.

3.3.3 Wound-Healing Periderms (WT and FHT day-0, day-3, day-7 and day-14)
Fig. 3-12 shows an LC-MS-based multivariate analysis of the soluble polar metabolites
that develop with time after wounding of the tuber tissues: at day 0 (immediately after
wounding), at day 3 (formation of the suberized closing layer), at day 7 (nascent periderm
development), and at day 14 (mature wound periderm). Good consistency of the compositional
data is evidenced in the PCA plot by clustering within each set of biological replicates, and the
day-0 periderm metabolic profiles of both WT and FHT-RNAi varieties are distinctive with
respect to other time points. As healing proceeds, the metabolite composition changes for each
tuber type, with the wound response evident in a clear divergence from the day-0 composition
after 3 days and additional changes at later times. The largest variations in metabolite
composition occur for principal component 1 (PC1) at the earliest (day-3) wound-healing time
point; smaller changes in the polar metabolite profile, primarily for PC2, are observed at days 7
and 14.

The WT and FHT-RNAi-silenced polar tissue extracts each exhibit similar compositional
progressions with time as their cell walls become suberized after wounding; moreover their
initially distinct profiles become overlapped and undergo a striking convergence. Modest but
analogous trends are observed for non-polar WT and FHT-RNAi-silenced extracts by GC-MS
during the course of wound healing (Fig 3-5) and have also been reported in day-3 and day-7
extracts from four differently russeted potato tuber cultivars (Dastmalchi et al., 2014; 2015).
Despite the overall similarity of metabolite profiles observed for WT and FHT-RNAi polar
periderm extracts in the current work, OPLS-DA analysis revealed contrasting levels of
particular metabolites as a function of wounding time point: (1) day-7 extracts are richer than at
74

day 3 in α-chaconine and α-solanine glycoalkaloids for both WT and FHT-RNAi varieties; (2)
day-3 extracts are richer in feruloyloctopamine for WT only; (3) no significant compositional
differences are found between day-7 and day-14 points for either tissue sample.

To focus on the impact of FHT silencing on the wound-healing process, pairwise
comparisons of WT with FHT-RNAi polar extracts were made at each of days 0, 3, 7 and 14 by
PCA and OPLS-DA methods. No statistically significant differences in overall metabolite
profiles could be verified despite the appearance of day-0 variations in score plot (Fig. 3-12): a
negative value of Q2 in the PCA modeling showed that the variation among biological replicates
was comparable to differences between the two types of extracts, i.e., the WT and FHT-RNAi
polar metabolomes could not be distinguished reliably. However, OPLS-DA again revealed
differing relative amounts of particular metabolites: caffeoylputrescine (abundant in FHT-RNAi
at day 0), feruloyloctopamine and caffeoylputrescine (abundant in WT at day 3), and
caffeoylquinic acid (abundant in WT at day 7).
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WT-day 14

WT-day 0
FHT-day 14

FHT-day 0

WT-day 7
FHT-day 7

FHT-day 3
WT-day 3

Figure 3-12 PCA score plot of polar extracts from wound-healing potato parenchyma
(day 0) and periderm (days 3-14) tissues 9 biological replicates color-coded for WT (red) and
FHT-RNAi (blue) tubers. The numbers of days after wounding are denoted by circles (0),
triangles (3), squares (7), and stars (14), respectively.

3.3.4 Wound-Healing and Native Extracts have Notable Metabolite Differences.
Each day-14 polar mixture remained clearly distinguishable from its corresponding native
periderm extract. Although the higher overall concentration and much larger number of
detectable metabolites in native extracts precluded PCA-based comparisons with day-14 wound
periderm materials, direct comparison of their LC traces revealed distinctive wound periderms in
terms of the major chemical classes represented among the soluble metabolites (Fig. 3-13 and
Table 3-4). For both WT and FHT-RNAi cultivars, five metabolites predominate in the wound
extracts: caffeoylputrescine (retention time (RT) 11.8 min), feruloylputrescine (RT 14.8 min), α76

chaconine (RT 28.5 min) α-solanine (RT 29.0 min), and FO-FO dimer (RT 31.7 min). Peaks
with retention times of 21.3-25.5 min are significantly diminished in both wound periderms.
These observations correspond to a paucity of flavonoid glycosides (aglycones of
tetrahydroxyflavonoids at m/z 903 and 933 with fragments 449, 287, and 269; luteolin-7-Orutinoside at m/z 593) and phenolic amines containing more than two cinnamic acid derivatives
(dihydrocaffeoyl spermines at m/z 721 and 723 with fragments 529, 407, and 191) that are
hallmarks of the wound-healing process.
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Figure 3-13 Overlay of typical LC-MS traces for native and day-14 wound polar potato
periderm extracts. A: WT native (red) vs. WT day-14 wound (black); B: FHT-RNAi native
(blue) vs. FHT-RNAi day-14 wound (black).
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3.4 Solid-State NMR Analysis
3.4.1 Biopolymer Products Track Divergent Development of WT and FHT-RNAi
Protective Periderm Layers.
[Part of the text in this section is drawn from our draft manuscript to be submitted for publication]

The insoluble suspensions that remained at the interface of the polar and non-polar
soluble extracts were analyzed in WT and FHT-RNAi native potato periderms to compare their
respective suberized cell walls. First, cross–polarization magic-angle spinning (CPMAS)

13

C

NMR experiments were used to rapidly establish which carbon-containing functional groups and
cross-link sites are present in each of the suberin-enriched potato tuber samples. Following prior
spectroscopic assignments made for similar materials (Garbow et al., 1989; Pascoal Neto et al.,
1995; Järvinen et al., 2011; Serra et al., 2014), the major structural groupings were assigned to
chemical shift ranges in the spectra as follows: carboxyls or amides (COO or CONH = COX;
160-180 ppm), alkenes and arenes (92-160 ppm), oxygenated aliphatics (CHO, CH2O, CH3O;
44-92 ppm), and long-chain methylenes (-(CH2)n; 10-44 ppm). Highly reproducible spectra,
albeit with broad features attributable to the chemical heterogeneity and amorphous nature of
these plant materials, were obtained for three biological replicates of each solid sample. (Fig. 314)
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-(CH2)n-

-CHO-

-COO-/
-CONH-

200

Alkenes, Arenes

150

-CH2O-OCH3

100

50

0

Chemical Shift (ppm)

Figure 3-14 CPMAS 13C NMR spectra of the native periderms. Color-coded for WT (red)
and FHT-RNAi (blue) cultivars superimposed with 3 biological replicates. Plotted with same
peak intensity for carboxylic groups (~170 ppm). After extraction of the polar and non-polar
portions, the periderms underwent cellulase/pectinase treatments and Soxhlet extraction.
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Figure 3-15 150 MHz DPMAS 13C NMR spectra of suberin-enriched interfacial residues
from native periderm, color-coded for WT (red) and FHT-RNAi (blue) cultivars. The
functional groups are assigned as carboxyl and amide groups (COO and/or CONH, 160-180
ppm); multiply bonded (alkenes and arenes, 92-160 ppm); oxygenated aliphatic carbon groups
(CHO + CH2O + CH3O, 44-92 ppm); long-chain methylene groups (-(CH2)n-, 10-44 ppm).
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As for the WT and FHT-RNAi silenced potato periderms we described recently (Serra et
al., 2014; Graça, 2015) these interfacial residues displayed similar chemical groups in their
respective CPMAS

13

C NMR spectra. Nonetheless, notably different relative

13

C NMR signal

intensities and corresponding functional group proportions were evident from quantitatively
reliable direct-polarization (DPMAS) spectra obtained for native WT and FHT-RNAi periderm
tissues after extraction and isolation of the suberin-enriched cell walls (Fig. 3-15). To estimate
the relative numbers of each major carbon structural type, peak area ratios were compared within
each DPMAS spectrum so that unintentional variations in instrumental setup or sample mass
would be avoided.

The compositional trends, which included notably different relative amounts of several
principal structures, are summarized in Fig. 3-16A as ratios of carboxyls/amides, arene and
alkene groups, or alkoxy groups with respect to the long-chain aliphatic groups. The FHT-RNAi
variety displayed arene-to-(CH2)n and oxygenated alkoxy-to-(CH2)n ratios that exceed the values
for WT cultivars by 60% and ~80%, respectively, indicating an enhanced hydrophilic-tohydrophobic balance. Conversely, the proportion of -(CH2)n groups was diminished for the FHTRNAi periderms relative to other major molecular moieties. With respect to the primarily
polysaccharide CHO groups (65-78 ppm), the FHT-RNAi native periderm had significantly
diminished peak area ratios for carboxyls/amides (COX), arenes, and -(CH2)n groups (Fig. 316B), supporting metabolic rerouting of ferulic acids and fatty acids to other polymeric products
when formation of the alkyl ferulate esters is blocked (Serra, et al., 2010; 2014).
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Figure 3-16 Ratios of carbon-containing functional groups in suberin. WT (black) and FHTRNAi (gray) potato periderms with respect to (CH2)n (A) or (CHO) (B). Derived from 150 MHz
DPMAS 13C NMR spectra. Mean values and standard error bars are based on two measurement
protocols applied to a single NMR sample, as described in the Experimental Section. Native
periderm extracts: solid bars; day-14 wound-healing tissues: checkered bars.
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3.4.2 Solid Interfacial Layers Show Contrasting Developmental Timing for WT and FHTRNAi Wound Periderms
Fig. 3-17 shows DPMAS

13

C NMR spectra of day-0 to day-14 wound-healing suberin

from wild-type and FHT-RNAi samples, exhibiting a degree of spectral resolution that allows us
to define six regions corresponding to the major chemical groupings of suberized cell walls. In
addition to chemical shift ranges corresponding to carboxyl and/or amide groups, alkenes and
arenes, and alkyl chain methylenes, the oxygenated aliphatics (44-92) include well-defined
oxymethine groups (65-92) and methoxy and oxymethylene groups (44-65 ppm). The day-0
interfacial residues of wound-healing samples are essentially comprised of residual
polysaccharides, since suberin has not yet been formed. The spectral intensity in the region
between 45 and 108 ppm is contributed primarily by polysaccharide cell walls and, as wound
healing proceeds, additionally by CHO, CH2O and CH3O moieties of guaiacyl and sinapyl
hydroxycinnamic acids. Thus at days 3, 7, and 14 and analogously to prior reports (Stark et al.,
1994), key resonances attributable to the suberin polyester appear prominently in the spectra,
e.g., chain methylene groups, carboxyl groups, and arenes. A quantitative analysis of the
corresponding DPMAS spectra yields ratios for day-3, day-7 and day-14 wound-healing suberin
as compared with mature native periderm suberin, each measured with respect to the CHO group
(Fig. 3-18). At the day-3 stage, the spectral regions attributable to suberin (10-44, 108-160, 160180 ppm) exhibit larger relative contributions in FHT-RNAi samples. With further development
at day 7, the difference in cultivar-specific ratios diminishes; at day 14 the wild-type periderm
shows nearly the same ratios as FHT-RNAi. However, the trends for the suberin-associated
regions in mature wound periderm are reversed from day 3, i.e., larger ratios are displayed for
wild type than FHT-RNAi periderms.
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Figure 3-17 150 MHz DPMAS 13C NMR spectra of suberin-enriched interfacial residues from wound-healing tissues.
(day-0, day-3, day-7 and day-14), color-coded for WT (black) and FHT-RNAi (gray) cultivars. The functional groups are assigned as
carboxyl and amide groups (COO and/or CONH, 160-180 ppm); multiply bonded (alkenes and arenes, 92-160 ppm); oxygenated
aliphatic carbon groups (CHO + CH2O + CH3O, 44-92 ppm); long-chain methylene groups (-(CH2)n-, 10-44 ppm). Each spectrum was
normalized by setting the height of the largest -(CHO)- peak to full scale.
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Figure 3-18 Ratios of carbon-containing functional groups in native periderm and wound healing samples

Figure 3-18 Ratios of carbon-containing functional groups in native periderm and wound healing samples.
WT(black), FHT-RNAi (gray) and wound-healing tissues day-3 (A), day-7 (B), and day-14 (C) (checked bars), and native potato
periderms (D) (solid bar) are derived from 150 MHz DPMAS 13C NMR spectra. Chemical shift ranges denote major structural
components of suberin: carboxyl and amide groups (COO and/or CONH, 160-180 ppm); multiply bonded (alkenes and arenes, 92-160
ppm); oxygenated aliphatic carbon groups (CHO + CH2O + CH3O, 44-92 ppm); long-chain methylene groups (-(CH2)n-, 10-44 ppm).
Each chemical shift range was extended by ±1 ppm to ensure that the measurement regions were not truncated in the middle of a
resonance. The ratios were calculated with respect to the major polysaccharide CHO peak (65-78 ppm). Mean values and standard
error bars are based on two measurement protocols applied to a single NMR sample, as described in the Experimental section.
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3.5 Discussion [Part of the text in this section is drawn from our draft manuscript to

be submitted for publication, need further optimize]

3.5.1. Native Potato Periderm: Chemical Profiles and Regulation of Suberin
Biosynthesis
The

potato

FHT

gene

encodes

a

fatty

ω-hydroxyacid/fatty

alcohol

hydroxycinnamoyl transferase that is able to conjugate feruloyl-CoA with ωhydroxyacids and fatty alcohols. Its knock-down by RNAi silencing in potato periderm
yielded reduced amounts of ferulate esters in aliphatic suberin breakdown products and
suberin-associated waxes (Serra et al., 2010). Thus, the key substrates that should be
impacted by RNAi silencing in the tuber periderm include long-chain ω-hydroxyfatty
acids (ω-OH-FA), fatty alcohols and feruloyl-CoA. As indicated in Fig. 19, the fatty acid
molecules are biosynthesized from starch in the plant cell walls; elongation of primarily
palmitic (16:0) and stearic (18:0) acyl-CoA esters can yield their C20-C30 analogs and
allow for subsequent conversion to fatty alcohols, alkanes, very long chain fatty acids
(VLCFA), or free ω-OH-FA via cytochrome P-450-dependent (CYP) enzyme-mediated
oxidation (Bernards, 2002; Yang and Bernards, 2007). The ω-OH-FAs can then be
converted to α,ω-diacids by CYP enzymes (Kandel et al., 2006; Yang and Bernards,
2006; Graça, 2015). Any of the ω-OH-FA, α,ω-diacids, or VLCFA can undergo glycerol3-phosphate acyltransferase (GPAT)-mediated conversion to glycerol esters (Pollard et
al., 2008). Alternatively, the ω-hydroxyfatty acids and fatty alcohols can become
esterified to ferulate by feruloyl transferases such as FHT (Molina et al., 2009; Gou et al.,
2009; Serra et al., 2010). Feruloyl esters of these fatty acid derivatives are postulated to
form a bridge between the aliphatic and aromatic domains of the protective suberin
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biopolymer (Moire et al., 1999). To complement and extend prior investigations of
suberin compositional and structural changes that occur upon FHT-RNAi silencing
(Serra, et al., 2010; 2014), an approach combining metabolite profiling with solid-state
13

C NMR was used with potato tubers as a model system.
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Figure 3-19 Proposed biosynthetic phathways for suberized potato periderms

Figure 3-19 Proposed biosynthetic pathways for suberized potato periderms. (Bernards, 2002; Matsuda et al., 2005; Yang and
Bernards, 2006; Serra et al., 2010; Yang et al., 2010; Bernard et al., 2012; Li-Beisson et al., 2013; Graça, 2015)
Reactions denoted by solid lines have been derived from the indicated references, while those denoted by broken lines are hypothetical
or assumed.
* Saturated and unsaturated carbon chains
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By comparing the non-polar metabolites from FHT-RNAi to WT native periderms
taken as a standard, we found an elevated relative accumulation of long-chain saturated
fatty acids and primary alcohols, and a diminished accumulation of alkanes. It is
noteworthy that up-regulation of fatty acids upon FHT-RNAi silencing has been reported
in suberin depolymerization (transesterification) products, whereas up-regulated
incorporation of the other non-polar biomarker classes (primary alcohols, methyl esters
and monohexadecanoyl glycerol) in the suberin biopolymer was not found by analysis of
these soluble aliphatic breakdown products (Serra et al., 2010). Additional breakdown
products including the C16:0 (hexadecanedioic acid) and C18:1 (octadec-8-enedioic acid)
,ω-diacids as well as the C18:1 (18-hydroxyoctadec-8-enoic acid) ω-hydroxyacid were
reported from mild methanolysis by Graça, et al. (2015).
Because silencing of the FHT gene blocks the esterification of ferulic acid to ωhydroxyfatty acids or alcohols, up-regulation of the precursor compounds is a possible
metabolic consequence. For instance, the potential biomarkers in Table 3-2 include longand very-long-chain (LC and VLC; C22-C29) alcohols, which have no reported alternative
biosynthetic conversion options but have been found at elevated levels in suberinassociated waxes from this RNAi-silenced cultivar (Serra et al., 2010). By contrast, ωhydroxyfatty acid substrates are not found abundantly in non-polar FHT-RNAi periderm
extracts; they could react to form α,ω-diacids and then be converted efficiently to
glycerol esters via catalytic action of CYP and GPAT catalysts as shown in Fig. 3-19.
This hypothesis is reasonable if the glycerol esters are ultimately incorporated into the
suberin polymer and can be broken down by transesterification treatments to the observed
glycerol ester, diacid, and ω-hydoxyfatty acid products (Yang and Bernards, 2007; Serra
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et al., 2010; Graça, 2015).
Our finding of a saturated C16 glycerol ester biomarker is consistent with the
proposed involvement of analogs with varying chain lengths (C16-C28) and unsaturation
(0-2 double bonds) (Graça et al., 2002; Yang and Bernards, 2007; Yang et al., 2010; LiBeisson et al., 2013; Graça, et al., 2015). LC and VLC fatty acids were identified as both
biomarker metabolites and chemical breakdown products. Given that FHT downregulation favors retention of C16-C30 fatty acids, we might expect to observe n-alkane
markers (Bernards et al., 2012); instead these structures are diminished in the FHT-RNAi
periderms. By and large, though, the blockage of ferulate ester formation by FHT gene
silencing or the associated stress leads to the accumulation of non-polar metabolites that
are consistent with suppressed production of polymeric feruloyl esters, accumulation of
very-long-chain alcohols and fatty acids, and rerouting to downstream glycerol ester
products (Serra et al., 2014).

Our complementary analysis of the solid interface from native periderm tissues
shows that the polysaccharide- and polyester-derived alkoxy carbons outnumber the
(CH2)n groups uniquely in FHT-RNAi samples (Fig. 3-16A); the FHT-RNAi variety
exhibits (arene+alkene)-to-(CH2)n and alkoxy-to-(CH2)n ratios that exceed the values for
wild-type varieties by ~60% and 80%, respectively. These compositional trends indicate
an enhanced hydrophilic-hydrophobic balance in FHT-RNAi suberin samples, consistent
with elevated water permeability, compromised hydrophobic interactions with waxes,
and diminished protection against water loss that has been found for these genetically
altered tissues (Serra et al., 2010). Analogous comparisons were reported for wild type
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vs. FHT-, CYP86A33- and StKCS6-RNAi periderms from which soluble metabolites had
not been extracted (Serra et al., 2014). Although long-chain aliphatic compounds appear
among the potential biomarkers for non-polar native extracts studied herein (Table 3-2),
their diminished incorporation in the mature FHT-RNAi biopolymer is clear: from both
the solid-state

13

C NMR results (Fig. 3-15) and the reduced relative amounts of fatty

acids and fatty alcohols produced by aliphatic suberin breakdown (Serra et al., 2010).

The impact of FHT down-regulation is also evident in the potential biomarkers
identified in the polar extract metabolic pool. Both metabolic and transgenic research
approaches have implicated transcinnamic acid, hydroxycinnamates, and their CoA
derivatives as precursors of the suberin polyphenolic domain (SPPD) (Bernards, 2002;
Matsuda et al., 2005a; Graça and Santos, 2007a; Ranathunge et al., 2011). In particular,
Table 3-4 reveals nine identified hydroxycinnamic acid conjugates that are FHT-RNAi
up-regulated potential biomarkers, including feruloyltyramine (FT), feruloylputrescine
(FP) and caffeoylputrescine (CafP), dihydro-caffeoylputrescine (DHCafP), two
grossamide (FT+FT) isomers, and dimers derived from feruloyloctopamine (FO-FO),
dihydro-FT-FO, and FT-FO. As noted above, (Serra, et al., 2010) first reported that FHT
deficiency induced accumulation of hydroxycinnamic acid amines, especially feruloyland caffeoylputrescine, in the potato tuber periderm. Compared with wild-type tissues,
FHT-RNAi polar potato periderm extracts possess reduced proportions of esterified
suberin components and augmented hydroxycinnamic acid conjugates that could be
derived from feruloyl-CoA.
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Fig. 3-19 shows at least three metabolic fates for the feruloyl-CoA intermediate:
(1) ferulates such as feruloyloxypalmitic acid, (2) monolignols, and (3) hydroxycinnamic
acid amides such as feruloylputrescine (Bernards, 2002). Thus this biosynthetic scheme
supports the hypothesis that FHT-RNAi silencing will disfavor alkylferulate biosynthesis
and favor alternative dispositions of the feruloyl CoA substrate such as the formation of
hydroxycinnamic acid amines proposed by Serra, et al. (2010). Interestingly,
methanolysis breakdown products of periderms from potato tubers that exhibited
downregulated expression of an ABC transporter gene have also shown reductions in
esterified suberin components, enhanced production of feruloyl CoA substrates, and
hyperaccumulation of hydroxycinnamic acid conjugates including CafP, DHCafP, FP, an
FT-FT dehydrodimer and an FT-FO dehydrodimer (Landgraf, et al., 2014).

3.5.2 Wound-Healing Progress: Chemical Profiles and Regulation of Suberin
Biosynthesis
The ratios of particular functional groups measured from solid-state 13C DPMAS
NMR of the solid interfacial layer of wound-healing periderms at day 3, day 7, and day
14 allow evaluation of differences in the progress of suberin development for WT and
FHT-silenced potato tubers. Fig. 3-17 and 3-18 show that, with respect to the
polysaccharide cell wall, all of the structural moieties present in solid suberin accumulate
more rapidly during the first 3 days in FHT-RNAi wound periderms. During the
following days of wound healing, suberin deposition occurs more vigorously for the WT
cultivar until it “catches up” or surpasses the FHT-silenced tissue at day 14. Given that
FHT transferase activity has been knocked down and thus formation of ferulic acid esters
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is blocked, we might expect deposition of both arene and aliphatic constituents of the
suberin biopolymer to be diminished in the FHT-RNAi wound periderms. However, a
contrary compositional trend is observed, supporting the hypothesis that alternative
polymeric structures can be formed in larger amounts by day 3 for the genetically
engineered potato variety.

PCA analysis of the soluble polar metabolites suggests that FHT-RNAi silencing
has a strikingly different impact in wound-healing tissues as compared with the native
potato tuber periderms described above. Whereas Figs. 3-3 and 3-10 demonstrate
significantly different metabolite profiles for WT vs. gene-silenced native periderm
extracts, Fig. 3-12 shows only a modest distinction between the corresponding wound
tissues. As healing progresses, overall compositional convergence is observed from day 3
onward (Fig. 3-12), although a few potential biomarkers can be identified in the day-3
and day-7 extracts. Similar convergence behavior and biomarkers were reported in four
potato cultivars with a gradient of periderm russeting, judged from analysis of both polar
and non-polar extracts and the corresponding solid interfacial suspension (Dastmalchi et
al., 2014; 2015). The current compositional similarity of the day-7 and day-14 extracts
also parallels the trends described above for carbon-containing functional groups in WT
and FHT-RNAi solid suspensions (Figs. 3-17 and 3-18). We propose three possible
explanations for these convergent extract compositions that are indicative of a common
wound-healing process: (1) the FHT gene plays only a limited role in the formation of
suberin structures during wound periderm formation; (2) a different gene codes
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redundantly for the feruloyl transferase enzyme in wound tissues; (3) an enzyme other
than FHT is also able to catalyze formation of the feruloyl ester linkage.

3.5.3 Comparing Native and Wound Potato Periderms
Despite differences in the numbers of observable metabolites and their overall
concentrations for native vs. wound extracts, it was possible to identify several
contrasting trends among the dominant chemical classes that were present. Regardless of
genetic variety, the mature (day-14) polar wound extracts contained five predominant
putrescine and glycoalkaloid metabolites but almost no flavonoid glycosides or phenolic
amines that contained more than two cinnamic acid derivatives (Fig. 3-13, Table 3-4).
The mature non-polar wound extracts included short- and medium-chain fatty acids and
alkane markers that were not abundant in the native periderm materials (Table 3-1).
Finally, Fig. 16 revealed a differing balance of the carbon-containing groups in day-14
wound vs. native suberized cell walls: relatively more alkoxy and (alkene+arene) groups
but fewer chain methylenes for the suberin-enriched wound-healing tissues.

3.5.4. Comparing the Impact of FHT-RNAi Silencing on Ntive and Wound Potato
Periderms
As noted above, our goals in this study included assessment of the possibly
differing impact of FHT-RNAi silencing on native and wound-healing potato tuber
tissues. Interest in this issue is prompted by the contrasting efficacy of transpirational
barriers provided by native and wound periderms. Although we have characterized each
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soluble metabolite pool in significant molecular detail, statistical comparisons between
the native and wound tissues are precluded by the substantially higher overall
concentration of compounds present in the native periderm extracts. The impact of FHTRNAi silencing on the polar metabolites was significant only in the native periderm
tissues: for instance the relative abundance of phenolic amines was augmented within
native extracts (Table 3-4). Polyphenolic amines, which we have identified as potential
biomarkers at early time points during wound healing in antioxidant-active potato
cultivars (Dastmalchi, Cai, Zhou, et al., 2014), have been reported to offer resistance to
potato pathogens (Back, 2001; King and Calhoun, 2005; King and Calhoun, 2010). For
wound periderms, Fig. 3-12 demonstrated the statistical similarity of polar metabolites at
each time point of suberization. The impact of FHT-RNAi silencing on the non-polar
metabolites was evident in both native and wound periderms but differed in specifics.
Whereas blockage of the key FHT-catalyzed esterification step is associated in both
tissues with augmented amounts of fatty acids, the broader FA chain length distribution
among markers for the wound extracts could also suggest less vigorous transpirational
barrier formation during healing. The notable up-regulation of both alkanes and sterols in
non-polar FHT-RNAi wound extracts is not well accounted for in terms of the suberin
biosynthetic transformations summarized in Fig. 3-19, underscoring the possibility that
additional metabolic regulation networks remain to be discovered.

The solid suberin-rich FHT-RNAi suspensions exhibited larger arene and alkoxy
proportions with respect to long-chain methylene groups (Fig. 3-16): in native periderms
isolated without extraction of the soluble metabolites (Serra et al., 2014) and herein from
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3-phase extraction; also in day-14 wound periderms. This compositional measure
indicates an augmented hydrophilic-hydrophobic balance attributable to FHT silencing
and supports proposals of metabolic rerouting to produce alternative phenolic structures
to the feruloyl esters viewed as typical in the suberin biopolymer (Serra et al., 2010;
Serra et al., 2014). Conversely, Fig. 3-16 reveals diminished proportions of (CH2)n
moieties, whether in consideration of FHT-RNAi silencing or of wound healing status.
These trends provide a rationale for the enhanced permeability measured for these
genetically modified native periderms (Serra et al., 2010) or inferred above from the nonpolar extract compositional trends.
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4. RESULTS and DISCUSSION for CYP86A33-RNAi Potato
Periderms
Cytochrome P450 monooxygenases (CYP) control the key step of ωhydroxylation of fatty acids in the biosynthesis of plant biopolymers (Fig. 1-8)
(Kolattukudy, 1980; Nawrath, 2002). Similarly to our FHT-RNAi study (Chapter 3), the
metabolic changes in the CYP86A33 RNAi periderm can help us gain a better
understanding of how this gene influences the biosynthetic pathway and protective
functions of suberin. This project is also designed to analysis as “bottom-up” approach
with three phases: polar extracts, non-polar extracts and insoluble suspensions. But the
testing methods were adjusted: 1) no solution NMR metabolomics study, since the
available information is limited; 2) both polar and non-polar extractions processed by
LC-MS metabolomics procedures to replace the GC-MS which did not work adequately
(described in section 3.2.4). The new method development was based on the research of
Landgraf, et al. with transgenic ABCG1-RNAi native potato periderm, for which nonpolar extracts were analyzed by an LC-MS instrument with C8 column and mobile phase
starting with 50% acetonitrile (Landgraf et al., 2014). 3) A reliable quantitation method
(Multi-CP NMR) has been used for suberin analysis and compared with the former
DPMAS method.
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4.1 LC-MS Metabolomics Studies
4.1.1 Polar Extracts of Native Periderms
LC-MS was used to analyze the metabolites in the polar extracts from WT and
CYP samples as described below. It was possible to identify 28 of 40 compounds by
comparing retention time and tandem MS/MS fragments from LC-MS data, accurate
mass from TOF data, literature reports and previous FHT-RNAi project identifications.
The main classes of compound detected by LC-MS included phenolic amides, phenolic
acids, flavonoid glycosides, glycoalkaloids and others (Table 4-1). Those identifications
were consistent with results from the FHT project. There were no unique metabolites
between the CYP and WT samples.

Fig 4-1 displays superimposed LC-MS chromatograms from 9 biological
replicates, which show excellent reproducibility and also reveal clear differences between
the wild-type (WT), FHT-RNAi and CYP-RNAi silenced samples when examined
visually or statistically. Multivariate statistics were used to provide an unbiased Principal
Component Analysis (PCA) of the data, confirming both consistency among replicates of
each type of periderm and differences between the three cultivars (WT, FHT-RNAi and
CYP-RNAi). The score plot illustrates results for the polar metabolites from WT, FHTRNAi and CYP-RNAi native periderms detected in negative mode (Fig 4-2A), and
positive mode (not shown). Samples with 9 replicates were clustered very well, but the
three periderm types were clearly separated from each other with respect to the first
principal component, FHT and CYP also show clear separation from WT for the second
principal component, indicating notable and consistent changes among the polar soluble
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metabolites in the native potato periderm that are associated with CYP-RNAi silencing.
What’s more, Hierarchical Cluster Analysis (HCA) also demonstrated notable differences
between each type in an easily visualized format (Fig. 4-2B).

Figure 4-1 LC-MS Total Ion Current (TIC) chromatograms of polar extracts from
native potato periderms. Each trace represents data from 9 superimposed biological
replicates. Black boxes shows clear differences among the samples.
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Figure 4-2 PCA score plots for polar extracts from native potato periderms
(A) PCA score plot and (B) hierarchical cluster analysis for metabolomic analysis of
polar extracts from native potato periderm samples, with 9 biological replicate clusters
color-coded for WT (red) and FHT-RNAi (blue), and CYP-RNAi (green) potato
periderms. The x and y axes represent the score values of principal components 1 and 2,
respectively.
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Table 4-1 Metabolites Identified in CYP-RNAi Polar Extracts from Native Potato Periderms
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RT (min)

[M-H]-/[M+H]+ a

MS2 (% intensity) a

5.8

191.2/193.0

147.0(7), 111.0(100), 87.0(10)

TOF b
(Error)
191.0557
(2.1 ppm)

9.0

251.2/253.1

251.2(100), 129.0(16), 120.9(17)

251.1399
(0.8 ppm)

10.0

249.1/250.9

249.1(100), 207.1(15), 135.0(44)

11.4

249.1/250.8

249.1(100), 207.1(16), 160(3), 148.1(4),
135(61),107.1(4)

11.9

529.4/531.5

529.4(45), 407.4(49), 365.3(100),
285.3(19), 243.3(32), 121(20),

12.6

527.4/529.2

13.13

525.5

13.93

375.1/376.7

375(2), 215.0(10), 201.0(100),
179.0(31.8), 161.1(21), 157(9), 135(41)

13.94

543.3/-

543.3(30), 421.4(11), 365.3(100),
334.2(11), 320.2(15), 306.2(26),
285.3(15), 243.4(30), 180.1(11), 135(79),
121(34)

14.3

262.9/264.8c

265.1(100), 248.1(15), 177.0(69),
145.0(19)

527.4(25.8), 391.3(100), 365.3(11),
348.3(20.5), 161.0(8.3), 135.0(62),
121.0(4.9)
525.3(30), 389.1(100), 363.3(39),
135.0(43)

249.1255
(4.4 ppm)
249.1255
(4.4 ppm)
529.3057
(4.9 ppm)

Compound

References

Quinic acid
C7H12O6

(Don et al., 2007)

dihydrocaffeoylputrescine
C13H20N2O3

Identied in FHT project

Caffeoylputrescine
C13H18N2O3

(Matsuda et al., 2005;
Narváez-Cuenca et al.,
2012)

Caffeoylputrescine
C13H18N2O3

(Matsuda et al., 2005)

N1,N12-bis(dihydrocaffeoyl)
spermine, C28H42N4O6

(Shakya and D., a
Navarre, 2006)

527.2877
(0.4 ppm)

bis(dihydrocaffeoyl)-(caffeoyl)
spermine
C28H40N4O6

375.0701
(0.8 ppm)

353+Na
C16H17O9Na
bis(dihydrocaffeoyl)(dihydroferuloyl) spermine
C29H44N4O6

265.1536
(-3.8 ppm)

Feruloylputrescine
C14 H20N2O3

Identified in FHT
project

(Narváez-Cuenca et al.,
2012; Dastmalchi et
al., 2014)
Identified in FHT
project
(Matsuda et al., 2005;
Dastmalchi et al.,
2014)

Table 4-1 continued, page 2 of 4
[M-H]-/[M+H]+ a

MS2 (% intensity) a

TOF b
(Error)

15.9

472.3/474.0

472.3(5), 308.2(63), 186.1(27),
121.0(100), 115.1(22), 107.9(20)

472.2441
(-1.5 ppm)

16.5

353.3/355.0

191(100), 161.1(8), 135(5)

353.0870
(-0.8 ppm)

17.2

375.1/376.7

375(2), 215.0(10), 201.0(100),
179.0(31.8), 161.1(21), 157(9), 135(41)

18.9

179.0/181.0

179.0(2), 135.0(100), 134.0(14),
117.1(4), 107.0(15),89(4)

19.38

587.5

587.3(100), 543.4(78), 365(45)

19.6

449.1/-

449.1(79), 287.0(53), 269.1(97),
259.1(100), 150(11)

20.2

693.4/695.1

693.4(12), 571.4(26), 529.4(65),
449.4(21), 407.3(100), 365.4(86),
285.3(46), 243.3(38), 121(15)

22.1/23.33

903.6

903.4(100), 741.3(30), 647.3(11),
449.1(97), 287.0(17)

22.6/24.02

933.6

933.4(98), 771.3(40), 677.3(16),
449.1(100), 287.0(19)

23.6

798.4/800.5

798.4(2), 636.3(100), 514.3(10),
472.3(37), 350.2(12)

24.7

593.3/595.1

593.2(48), 285.1(100), 284.1(81),
255(25)

RT (min)

375.0701
(0.8 ppm)
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449.1083
(-1.3 ppm)

693.3513
(1.1 ppm)

593.1507
(0.7 ppm)

Compound
N1,N8-bis(dihydrocaffeoyl)
spermidine
C25H35N3O6
1-O-caffeoylquinic acid,
C16H18O9
3-O-caffeoylquinic acid,
C16H18O9
5-O-caffeoylquinic acid,
C16H18O9

References
(Shakya and Navarre,
2006)

(Narváez-Cuenca et al.,
2012)

353+Na
C16H17O9Na

(Narváez-Cuenca et al.,
2012)

Caffeic acid
C9H8O4

(Narváez-Cuenca et al.,
2012)

Eriodictyol 7-β-D-glucoside
C21H22O11
N1,N4,N12-tris(dihydrocaffeoyl)
spermine
C37H50N4O9

(Shakya and Navarre,
2006; Dastmalchi et
al., 2014)

N1,N4,N8-tris(dihydrocaffeoyl)
spermidine hexcoside
C40H53N3O14

(Parr et al., 2005;
Neubauer et al., 2012)

Luteolin-7-O-rutinoside
C27H30O15

(Chen et al., 2012;
Dastmalchi et al.,
2014)

Table 4-1 continued, page 3 of 4
RT (min)

[M-H]-/[M+H]+ a

MS2 (% intensity) a

26.0

636.3/638.1

636.3(59), 514.3(35), 472.2(100),
392.2(26), 350.2(91), 308.2(61),
228.2(25)

26.8

925.7

925.4(100), 717.6(21), 553.4(49)

27.7

912.5/-

[M+HCOO-H]

TOF b
(Error)

Compound
1

4

References

8

636.2927
(0.1 ppm)

N ,N ,N -tris(dihydrocaffeoyl)
spermidine
C34H43N3O9

(Shakya and Navarre,
2006)

912.5(48), 866.5(100), 720.6(1.5),
704.5(16)

912.4982
(2.3 ppm)

-Solanine + HCOOH
(C45H73NO15 + HCOOH)

(Matsuda et al., 2004;
Shakya and Navarre,
2006)

866.4918
(1.2 ppm)

-Solanine
C45H73NO15

(Matsuda et al., 2004;
Shakya and Navarre,
2006; Dastmalchi et
al., 2014)
(Matsuda et al., 2004;
Shakya and Navarre,
2006; Dastmalch et al.,
2014)
(Matsuda et al., 2004;
Shakya and Navarre,
2006; Dastmalch et al.,
2014)

27.9

866.6/868.2

866.5(14),720.5(7), 704.5(100),
558.5(19)

28.0

896.5/-

896.5(51), 850.5(100), 704.5(4)

896.5046
(3.8 ppm)

-Chaconine+ HCOOH
(C45H73NO14 + HCOOH)

28.0

850.5/852.1

850.5(100), 704.4(14)

850.4993
(4.1 ppm)

-Chaconine
C45H73NO14

28.2

704.5/706.5

704.4(75), 558.6(50), 112.9(100)

704.4374
(0.7 ppm)

-Solanidine-Glc-Rha
C39H63NO10

(Matsuda et al., 2005)

28.6

857.4/859.4

857.4(67), 735.4(100), 693.4(100),
571.5(59), 529.4(61), 449.4(30),
407.4(50), 365.4(21), 285.4(13)

857.3973
(0 ppm)

N1,N4,N9,N12tetra(dihydrocaffeoyl)spermine
C46H58N4O12

(Shakya and Navarre,
2006)

29.0

1095.9

1049.9, 751.2

29.2

751.6

29.5

1061.9

[M+HCOO-H]-

106
1061.8(100), 915(33), 899.5(81),
881.4(18), 753.5(23), 735.4(22),
555.4(10)

Table 4-1 continued, page 4 of 4
TOF b
(Error)
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RT (min)

[M-H]-/[M+H]+ a

MS2 (% intensity) a

29.9

1045.8

1045.5(100), 899.4(75),
881.4(48),753.5(25), 735.4(12)

30.3

1047.9/-

1047.4(100), 901.5(64), 883.5(16),
755.4(31), 737.5(11)

1047.5391
(0.9 ppm)

31.0

1049.5/1051.3

1049.5(38), 903.4(100), 757.4(55),
741.4(21), 433.4(13)

1049.5568
(2.9 ppm)

31.7

1033.9

1033.5(90), 887.5(100), 869.5(11),
741.5(60)

33.2

1077.9

1031.8(22), 871.8(100), 725.5(76)

34.1

946.7

946.4(73), 738.4(100), 575.2(89)

35.6

917.8

917.5(3), 871.5(100), 725(34)

35.798

916.7

916.4(100), 708.5(44), 561.4(24)

Compound

Protodioscin/neoprotodiosin
C51H84O22
Dihydro-ASP-II
1047+2H
C51H86O22

28 identified and 12 unidentified metabolites are shown for native periderms.
a
Ions and fragmentation data obtained from LC-MS and LC-MS2 analysis using a 4000Q Trap instrument.
b
Exact mass data obtained from TOF data analysis with Hunter College LC-TOF instrument.

References

(Dawid and Hofmann,
2014)
(Dawid and Hofmann,
2014)

4.1.2 OPLS-DA Analysis of Differentially Accumulated Metabolites

OPLS-DA (Fig. 4-3A) and S-plot points (Fig. 4-3B) were processed to extract the
potential biomarkers between CYP and WT periderms. Those metabolites that have
notably increased or decreased relative abundance were called CYP up-regulated or CYP
down-regulated biomarkers. Wild type samples were considered as a control. The
biomarkers were extracted from the LC-MS data obtained in both positive and negative
mode. Fig. 4-3C shows the variable line plots to verify the specificity of contributions to
compositional differences among the CYP and WT samples.

As shown in Table 4-2, we identified 12 of 16 potential biomarkers in the polar
extracts (Table 4-2) that belong to various structural classes. Compared with the WT
variety, glycoalkaloids such as -solanine, -chaconine and solanidine-Glc-Rha are upregulated markers for the native CYP-RNAi periderm. Interestingly, these materials are
found as down-regulated biomarkers in the FHT-RNAi polar extracts. These metabolites
may not be directly involved in suberin biosynthesis, but they may still play an important
role to regulate its biosynthesis, either as plant hormones or via antimicrobial action.
Glycoalkaloids are reported to be involved in host-plant resistance and to play protective
roles as natural plant defenses (Ginzberg, et al., 2009). Since these metabolites are toxic
to bacteria, fungi, and viruses at appropriate levels, the CYP-RNAi silenced potato could
show enhanced resistance to pathogens. The down-regulated markers in CYP-RNAi are
caffeic acid, N-feruloyltyamine and a series of phenolic amines such as N1,N12bis(dihydrocaffeoyl)

spermine,

N1,N4,N8-tris(dihydrocaffeoyl)spermidine
108

and

N1,N4,N9,N12-tetra(dihydrocaffeoyl)spermine. Each of these phenolic amines was
reported previously for CYP-RNAi silenced tuber periderms from a qualitative analysis
using methanol-water extraction of the potato periderms (Serra et al., 2009b).
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WT

PC 2

CYP-RNAi

PC 1
(A) OPLS plot

XVar(387
)

CYP-RNAi

WT

(B) S-plot

WT
CYP-RNAi

(C) Variable line plot

Figure 4-3 LC-MS data (positive mode) comparison and steps leading to the
detection of marker ions for native periderms from CYP and WT cultivars.
(A) OPLS plot, (B) S-plot, (C) Variable line plot. The scatter plot (S-plot) highlighting
potential biomarkers that contribute significantly to different metabolite profiles for the
native potato periderms from wild-type (WT) and CYP-RNAi silenced tubers is derived
from negative-mode LC-MS data for their polar extracts. P[1] shows the magnitude of
enhanced relative abundance for each metabolite, and P(corr)[1] indicates the reliability
of the effect. MS ions at the extreme ‘wings’ of the plot (P(corr)[1] values greater than
0.80) were designated as potential biomarkers and checked for specificity to the cultivar
type using a variable line plot (C).
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Table 4-2 Potential Biomarker Metabolites by Chemical Class and Structure for Polar Extracts from Native CYP-RNAi
Potato Periderms
No.

Ions a

MS/MS
Fragmention

27.86

912.5
[M+HCO
O-H]-

912.5(74),
866.4(100),
720.6(1.5),
704.5(32) 35 e

Compound
Name, Formula
CYP Polar Up-regulated biomarkers
-Solanine +
912.4982
HCOOH
(2.3 ppm)
(C45H73NO15 +
HCOOH)
TOF b (error)

111

27.87

866.6/868
.3

866.5(100),721(5),
704.9(65) 35

866.4918
(1.2 ppm)

-Solanine
C45H73NO15

28.2

896.5
[M+HCO
O-H]-

896.5(42),
850.5(100),
704.6(10) 35

896.5046
(3.8 ppm)

-Chaconine+
HCOOH
(C45H73NO14 +
HCOOH)

28.3

850.5/852
.2

850.5(100),
850.4993
704.5(54), 492(3.4),
(4.1 ppm)
289(3.5) 50

-Chaconine
C45H73NO14

HOH 2C

Molecular Structure

H
H
N

H

H

HOH 2C

H

O

H

O

HO
O

HO

OH

O

O

OH

O

OH
OH

OH

H3C

H
H
N

H

H

HOH2C

H

O
H3C

O

O

O
OHHO

HO

H

OH

OH

O

OH

O

OH

H3C

Ref.

(Matsuda et
al., 2004;
Shakya and
Navarre, 2006;
Dastmalchi et
al., 2015)

(Matsuda et
al., 2004;
Shakya and
Navarre, 2006;
Dastmalchi et
al., 2015)

H
H

28.8

704.3/706
.4
[M-H]-

558.6, 112.9

704.4374
(0.7ppm)

Solanidine-GlcRha

H
H

O
O

HO
HO

C39H63NO10

N

H
HOH 2C

OH

O
O
H3C

OH
OH

H

Matsuda et al.,
2004)

Table 4-2 continued, page 2 of 3
Ions a

MS/MS
Fragmention

30.1

1045.5

1045.5(100),
1027(17),
899.8(69),
881.7(37), 735(16)
65

35.9

491.46

36.7

354.34

No.

TOF b
(error)

Compound
Name, Formula

Molecular Structure

Ref.

CYP Polar Down-regulated biomarkers

112
11.9

529.3/531
.4

529.3(100), 407.4(43),
365.3(65), 285.3(8),
243.3(12), 121(10) 50

19.0

179.1/181
.1

179.0(2), 135.0(100),
134.0(14), 117.1(4),
107.0(15), 89(4) 35

20.0

693.5/695
.5

693.6(100), 571.4(43),
529.4(86), 449.4(17),
407.3(60), 365.4(47),
285.3(19), 243.3(11),
121(4)

529.3057
(4.9 ppm)

N1,N12bis(dihydrocaffeo
yl) spermine,
C28H42N4O6

(Shakya and
Navarre, 2006)
O

Caffeic acid
C9H8O4

HO

OH
HO

693.3513
(1.1 ppm)

N1,N4,N12tris(dihydrocaffeo
yl) spermine
C37H50N4O9

(NarváezCuenca et al.,
2012)

(Shakya and
Navarre, 2006)

Table 4-2 continued, page 3 of 3
TOF b
(error)

Compound
Name, Formula

636.2927
(0.1 ppm)

N1,N4,N8tris(dihydrocaffeo
yl) spermidine
C34H43N3O9

857.7/859
.4

857.4(57), 735.4(32),
693.4(100), 571.5(54),
529.4(56), 449.4(33),
407.4(49), 365.4(30),
285.4(13) 80

857.3973
(0 ppm)

N1,N4,N9,N12tetra(dihydrocaffe
oyl)spermine
C46H58N4O12

312.1/314
.2

312.0(100), 297.1(32),
190.2(34), 178.8(49),
176.1(13), 148.1(31)

312.1236
(0.9 ppm)

NFeruloyltyamine
C18H19NO4

Ions a

MS/MS Fragmention

636.5/638
.3

636.3(92), 514.3(41),
472.2(100), 392.2(23),
350.2(88), 308.2(72),
228.2(25) 65

28.6

31.1

No.

26.0

113
8.5
12.05

Molecular Structure

Ref.

(Shakya and
Navarre, 2006)

(Shakya and
Navarre, 2006)

OH

O
O
NH
HO

(NarváezCuenca et al.,
2013)

106.27
367.47

a: Ions and fragmentation data obtained from LC-MS and LC-MS2 analysis using a 4000Q Trap instrument.
b: Exact mass data obtained from TOF data analysis with the Hunter College LC-TOF instrument.
c: Potential biomarkers identified by Huang, et al. (unpublished observations) in polar extracts from native periderms of four cultivars
(Atlantic, Chipeta, Norkotah Russet, Yukon Gold).
d: Positive-mode LC-MS.
e : collision energy for MS2

4.1.3 Non-polar Extracts of Native Periderms

LC-TOF MS methods were developed to analyze the metabolites in the non-polar
extracts from WT and CYP-RNAi native perierm as described above. Fig 4-4 represents
the total ion chromatograms for LC-MS in negative mode. 38 compounds were identified
by comparing retention time, accurate mass from TOF data, literature reports (Landgraf
et al., 2014) and previous GC-MS identifications from FHT-RNAi project. The main
classes of compound detected by LC-MS included saturated and unsaturated fatty acid
which also identified by GC-MS before. Three new classes of compounds: feruloyloxy
fatty acids (FFA), feruloyloxy fatty acid glycerol esters (FFAG) and alkyl ferulates (AF)
were found in our native periderm non-polar extract based on Landgraf’s method (Table
4-3). In both cases, alkanes, alkanols, dicarboxylic acids and glycerol monoacyl fatty
acids were missing by this LC-MS method. The provisional identification of metabolites
is based on the TOF data, which has the limitation with too many potential structures.
Without MS2 data, there remain a series of metabololits that is unidentified. Thus in order
to get a full picture of non-polar extraction metabolites, GC-MS, LC-MS, LC-MS2 and
LC-TOF experiments should be considered and profiled.
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Wild Type

CYP-RNAi

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

Retention Time (min)
Figure 4-4 LC-MS chromatograms from non-polar extraction of native periderms.
color code: WT (red); CYP (green). Black box indicate the differences between potato
varieties.
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Table 4-3 Metabolites Identified in Non-Polar Extracts of CYP-RNAi Samples
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38

RT
(min)
6.7
8.7
9.8
10.8
7.2
6.7
7.9
9.2
6.5
8.4
7.1
6.0
10.2
11.9
12.6
13.3
15.6
5.2
5.8
4.7
8.9
10.4
8.1
12.1
13.5
143.7
12.5
13.0
14.6
15.2
15.7
16.2
16.6
16.9
17.4
17.9
18.5
19.1

Formula

TOF (m/z)

Error

C14:0 (C14H28O2)
C16:0 (C16H32O2)
C17:0 (C17H34O2)
C18:0 (C18H36O2)
C16:1 (C16H30O2)
C18:1 (C18H30O2)
C18:2 (C18H32O2)
C18:3 (C18H34O2)
C16:0 (C26H40O6)
C18:0 C28H44O6
C18:1 C28H42O6
C18:2 C28H40O6
C20:0 C30H48O6
C22:0 C32H52O6
C23:0 C33H54O6
C24:0 C34H56O6
C28:0 C38H64O6
C16:0 C29H46O8
C18:1 C31H48O8
C18:2 C31H46O8
C20:0 C33H54O8
C22:0 C35H58O8
C23:0 C36H60O8
C24:0 C37H62O8
C26:0 C39H66O8
C28:0 C41H70O8
C16:0 C26H42O4
C18:0 C28H46O4
C19:0 C29H48O4
C20:0 C30H50O4
C21:0 C31H52O4
C22:0 C32H54O4
C23:0 C33H56O4
C24:0 C34H58O4
C25:0 C35H60O4
C26:0 C36H62O4
C27:0 C37H64O4
C28:0 C38H66O4

227.2023
255.2338
269.2494
283.2655
253.2185
277.2179
279.2316
281.2491
447.2752
475.3050
473.2905
471.2759
503.3358
531.3698
545.3842
559.4005
615.4622
521.3100
547.3277
545.3112
577.3727
605.4057
619.4204
633.4365
661.4688
689.5001
417.3011
445.3323
459.3485
473.3621
487.3737
501.3949
515.4109
529.4209
543.4409
557.4566
571.4715
585.4884

-2.07
-2.72
-1.98
-4.08
-3.60
-2.30
3.10
-1.55
-0.02
3.13
0.72
-1.51
3.93
-1.35
0.97
-0.21
1.27
3.76
-0.16
1.39
3.22
0.26
1.79
1.04
-0.53
-0.51
-0.22
0.02
-1.18
3.17
11.39
0.00
-0.68
10.01
1.75
1.61
2.89
0.68
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Compound
Name
Saturated
fatty acid

Unsaturated
fatty acid

Feruloyloxy
fatty acids
(FFA),

Feruloyloxy
fatty acid
glycerol
esters
(FFAG)

Alkyl
ferulates
(AF)

Molecular
Structure

6 injections of WT and CYP-RNAi samples have been tested to validate the newly
developed method and instrument reproducibility (not shown). However, those were
insufficient for multivariate statistical analysis. The reproducibility of polar and solidstate NMR data of the biological replicates allows us to propose that the non-polar
extracts will also have good consistency. In order to get a preliminary indications of
differences between wild-type (WT) and CYP-RNAi silenced samples. Principal
Component Analysis (PCA) was been tested and yielded a clear separation in both first
and second component (Fig. 4-5). This result is also consistent with a visual check of the
chromatograms. As shown in the black boxes (Fig. 4-4), there are some clear differences
between WT and CYP samples. For example, at retention times 7.3 min and 9.5 to 12.2
min, CYP has more intensity peaks, which indicate the differences in metabolites
between wild type and CYP-RNAi silenced native potato periderm samples.
Differentially accumulated metabolites (OPLS-DA and S-Plot) analysis has been
processed to get a preliminary idea of the biomarkers according to their retention time
and m/z (figure not shown). As summarized in Table 4-4, the identified up-regulated nonpolar biomarkers were saturated fatty acids (C14), unsaturated fatty acids (C9:1, C18:1,
C18:2), feruloyloxy fatty acids (FFA-C18:1, C22:0, C24:0) and feruloyloxy fatty acid
glycerol esters (FFAG-C22, C23, C26). Many compounds remain unidentified among
both up- and down-regulated biomarkers, Because of our inability to acquire MS2 data,
comparisons with libraries and reference compounds are hampered. Further research is
planned with, multiple biological replicates of CYP-RNAi non-polar extracts which will
be tested by GC-MS and LC-MS, MS2,and TOF methods to complete metabolite
identification and biomarker analysis.
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CYP-RNAi

WT

Figure 4-5 PCA score plots of non-polar extracts from CYP-RNAi and WT native
periderm samples Color-code: WT (red) and CYP-RNAi (green). Each sample has 6
injections. The x and y axes represent the score values of principal components 1 and 2,
respectively.
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Table 4-4 Potential Biomarker Metabolites by Chemical Class and Structure for
Non-polar Extracts from Native Potato Periderms

No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

RT
(min)
4.05
6.78
7.35
8.27
8.39
9.45
9.51
9.52
10.45
10.65
11.38
11.98
12.04
12.39
12.42
12.42
13.47
13.71
13.92

No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14

RT
(min)
1.64
2.70
3.15
3.50
4.16
4.16
4.33
4.34
5.82
6.24
6.33
7.41
7.67
8.10

CYP up-regulated biomarkers provisional
Q-TOF
Formula
Pre-Identification
(m/z)
311.2214
C18H32O4
(9Z)-9-Octadecenedioic acid
227.2015
C14H28O2
Tetradecanoic acid
473.2904
C28H42O6
FFA-C18:1
607.3885
C36H60O8
FFAG-C23:0
833.5184
802.5598
281.2483
C18H34O2
Oleic acid C18:1
171.1025
C9H16O3
9-Oxononanoic acid
609.3426
605.4053
C35H58O8
FFAG C22:0
753.4707
503.3733
531.3684
C32H52O6
FFA C22:0
588.3748
758.5418
712.5364
559.3995
C34H56O6
FFA C24:0
661.4580
C39H65O8
FFAG C26:0
679.3832
CYP down-regulated biomarkers
Q-TOF
Formula
Pre-Identification
(m/z)
343.2456
457.1025
540.3302
393.1710
361.1991
609.4129
407.1869
407.1870
381.2463
455.3526
271.2275
378.3007
253.2170
560.4758
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Table 4-4 continued, page 2 of 2
No.
15
16
16
17
18
19
20
21
22

RT
(min)
8.10
8.12
8.12
8.91
10.50
11.00
11.02
11.05
13.81

Q-TOF
(m/z)
326.2412
393.2723
393.2723
368.3165
842.5544
753.4705
754.4717
685.3718
716.4136

Formula

Pre-Identification

Abbreviations:
Feruloyloxy Fatty Acids (FFA)
Feruloyloxy Fatty Acid Glycerol Esters (FFAG)
Alkyl Ferulates (AF)
Cn:m : n is the number carbon length and m is the number of unsaturated carbon bonds
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4.2 Solid-State NMR Analysis.
After removing the polar and non-polar soluble extracts, the insoluble materials that
remained at the interface were analyzed for WT and CYP-RNAi native potato periderms
to compare their respective suberized cell walls. A quantitative solid-state cross–
polarization magic-angle spinning (CPMAS)

13

C NMR experiment was used to rapidly

establish the carbon-containing functional groups and conduct quantitative analysis of the
functional groups which are present in the suberin. Usually, CPMAS spectra can only be
used for qualitative (rather than quantitative) analysis, since the magnetization transfer
from 1H is more efficient for carbons bonded to 1H than for non-protonated C or mobile
segments with their weaker H–C dipolar couplings. The most reliable method for
obtaining quantitative NMR spectra is direct polarization magic-angle spinning
(DPMAS), in which hard 13C pulses are used to directly polarize all 13C spins. However,
this approach really time-consuming when 13C spin–lattice relaxation (T1 is long >100 s).
To overcome the main challenge of the DPMAS experiment, Multi-CP, with multiple
periods of CP duration during 1H spin–lattice relaxation, mostly reverses the loss of 1H
magnetization that has resulted from T1p relaxation during the preceding CP period. Thus,
the total CP time can be long enough to fully polarize non-protonated carbons without
significant magnetization loss (Johnson and Schmidt-Rohr, 2014). This method requires
no additional data processing steps and is claimed to reduce the experimental time more
than 10 times compared with DPMAS.
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FHT-RNAi

Wild Type

CYP-RNAi
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0

Chemical Shift (ppm)
Figure 4-6 150 MHz DPMAS vs Multi-CPMAS 13C NMR spectra of suberinenriched interfacial residues from native periderms. Color code: FHT-RNAi (blue),
WT (red) and CYP-RNAi (green) cultivars; Multi-CP (solid) and DPMAS (dash).
The functional groups are assigned as carboxyl and amide groups (COO and/or CONH,
160-180 ppm); multiply bonded (aromatics and alkenes, 92-160 ppm); oxymethine
groups (CHO; 65-92); methoxy and oxymethylene groups (CH2O, CH3O; 44-65 ppm);
long-chain methylene groups (-(CH2)n-, 10-44 ppm). Spectra are ploted with same height
of the (CH2)n peak.

Multi-CP spectra were obtained for three biological replicates (not shown) of each
solid sample to check reproducibility, whereas the DPMAS spectrum was only obtained
with one replicate for comparison. Following prior spectroscopic assignments made for
the FHT-RNAi project with native periderms and wound-healing samples, the major
structural groupings were assigned to chemical shift ranges in the spectra as follows:
carboxyls or amides (COO or CONH = COX; 160-180 ppm), alkenes and arenes (92-160
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ppm), oxymethine groups (CHO; 65-92), methoxy and oxymethylene groups (CH2O,
CH3O; 44-65 ppm) and long-chain methylenes (-(CH2)n; 10-44 ppm) (Fig. 4-6). To
estimate the relative numbers of each major carbon structural type, peak area ratios were
compared within each Multi-CP spectrum so that unintentional variations in instrumental
setup or sample mass would be avoided.

Fig. 4-6 shows the overlaid multi-CP and DPMAS spectra from WT, FHT-RNAi
and CYP-RNAi native periderm tissues, which were obtained after extraction and
isolation of the suberin-enriched cell walls. Most of the chemical groups matched well
except for oxymethine groups (CHO; 65-92) which showed higher intensity in Multi-CP
spectra. Probably, the CHO’s cross polarized more efficiently due to these rigid groups
have the efficient C-H dipolar couplings, more than other groups in the spectrum. Thus,
Multi-CP still has some limitations for testing suberin in native periderm samples.
Therefore, the peak integration and ratio calculation with those three replicate Multi-CP
spectra were not include the oxymethine groups (Fig. 4-7).

As for these interfacial residues of the WT, FHT-RNAi and CYP-RNAi silenced
potato periderms displayed similar chemical groups in their respective 13C NMR spectra.
Nonetheless, notably different relative

13

C NMR signal intensities and corresponding

functional group proportions were evident in Fig. 4-6. These trends have also been noted
in our group’s recent publication (Serra et al., 2014) tested on DPMAS spectra.
The amounts of each structural element vs. the long-chain methylene groups are
shown in Fig. 4-7, which indicate revealed notably different relative amounts. The ratios
of oxygenated alkoxy carbons (from the suberin polyester and associated cell-wall
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polysaccharides) to (CH2)n groups rise to 1.3 and 1.5 times their wild-type values in
CYP86A33-RNAi and FHT-RNAi intact suberins, respectively. Carboxyl groups, as
compared with long-chain aliphatics, both increased around 1.5 times. Those
compositional trends indicate an enhanced hydrophilic−hydrophobic balance and the
relative reduction in (CH2)n groups. A lowered proportion of aliphatic chains in relation
to alkoxy and carboxyl functional groups can give this periderm more affinity and
capacity for interactions with water. This is a reasonable result because of the possible
downstream consequences the CYP86A33 gene silencing to limit hydroxylation of the
monofunctional lipids (fatty acids) to bifunctional lipids (ω-hydroxyacids and α,ωdiacids). With fewer hydroxyacid substrates available, there could be lower amounts of
transesterified aliphatic suberin formed and a greatly reduced degree of cross-linking
capacity within the polyester matrix

The relative amounts of aromatics and alkenes with respect to (CH2)n groups
show 30% and 80% increases for the CYP86A33-RNAi and FHT-RNAi suberin,
respectively. However, the prior trans-esterification results (Serra et al., 2009b) showed
that aromatic breakdown products have few reductions, but 70-90% reduced levels of
C18:1 ω-hydroxyacid and α,ω-diacid monomers. The relativly increase in aromatics
could be attributed to the sharp reduction in fatty acids and alcohols along with their
(CH2)n groups.
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A: Ratio of Peak Area / Region (CH2)n Area

1.2

1

FHT
WT

0.8

CYP

0.6

0.4

0.2

0
(COO/CONH)

Alkene+Arenes

CH2O/CH3O

Figure 4-7 Ratios of carbon-containing functional groups in suberin-enrichedpotato
periderms with respect to long-chain aliphatics (CH2)n. Color code: WT (red), CYPRNAi (green) and FHT-RNAi (blue) Derived from 150 MHz multi-CPMAS 13C NMR
spectra. Mean values and standard error bars are based on three biological replicates, as
described in the Experimental Section.
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5. CONCLUSIONS
A potent complementary “three phase - bottom up” strategy introduced to
understand the metabolites differences and polymer formation of gene-silenced potato
tissues has been reported in this dissertation. Wild type, FHT-RNAi and CYP-RNAi
native periderms; as well as day 0, day 3, day 7 and day 14 wound-healing periderms for
WT and FHT-RNAi potato samples, were tested in multiple ways: polar extracts (LC-MS
and solution NMR), non-polar extracts (GC-MS and solution NMR) and solid polymer
composites (solid-state NMR) to derive comprehensive, reliable molecular information.
In this way, changes in the amount, chemical composition of the soluble metabolite
profile, and structural organization of the deposited suberin can be monitored
progressively to build an understanding of how knocking down the FHT or CYP gene
impacts the macromolecular structure of the resulting suberized potato periderms.
The “holistic” metabolomic analyses showed consistency among biological
replicates and discrimination between FHT-RNAi and wild type samples. The blockage
of ferulate ester formation by FHT gene silencing leads to the accumulation of very-longchain alcohols and fatty acids, and rerouting to downstream glycerol ester products. Since
the alkylferulate biosynthesis was disfavored, we observed instead the alternative
dispositions of the feruloyl CoA substrate that produced e.g., caffeoylputrescine,
feruloylputrescine and feruloyltyramine. The glycoalkaloids (-solanine, -chaconine
and solanidine-Glc-Rha) were down-regulated markers for the FHT-RNAi periderm.
Conversely, they are up-regulated markers for CYP-RNAi periderm that may function as
plant hormones or antimicrobial compounds. The down-regulated markers in CYP-RNAi
are caffeic acid, N-feruloyltyramine and phenolic amines such as, N1,N12126

bis(dihydrocaffeoyl)

spermine,

N1,N4,N8-tris(dihydrocaffeoyl)

spermidine

and

N1,N4,N9,N12-tetra (dihydrocaffeoyl) spermine which are also important for pathogen
resistances. In the solid residues, the FHT-RNAi and CYP-RNAi varieties both have
higher oxygenated aromatic-to-(CH2)n and oxygenated-aliphatic-to-(CH2)n ratios than
WT. The enhanced hydrophilic-hydrophobic balance in FHT-RNAi suberin samples are
consistent with augmented water permeability and reduced relative amounts of fatty acid
and fatty alcohol-containing polymeric structures deduced previously from suberin
breakdown products.
For wound healing periderms, polar tissue extracts each exhibited similar
compositional progressions with time as their cell walls became suberized after
wounding; moreover their initially distinct profiles become overlapped and underwent a
striking convergence. Solid suberin accumulatd rapidly during the first 3 days for FHTRNAi silenced samples, during the following days of wound healing, however, suberin
deposition occured more vigorously for the WT cultivar until it “caught up” or surpassed
the FHT-silenced tissue at day 14. These trends suggest that during the wound-healing
process: (1) the FHT gene plays only a limited role in the formation of suberin structures
during wound periderm formation; or (2) a different gene codes redundantly for the
feruloyl transferase enzyme in wound tissues; or (3) an enzyme other than FHT is also
able to catalyze formation of the feruloyl ester linkage.
5.1 Hypothesis for Glycoalkaloid biosynthesis pathway
Steroidal glycoalkaloids (SGAs) are secondary metabolites that occur in a wide
range of plants. They are important components for plant resistance against insects and
fungal diseases, but they can also be toxic to humans at high levels (Ginzberg et al.,
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2009). Level differences are found between varieties and are also affected by
environmental factors during growth, harvest and storage, such as light and temperature
(Machado et al., 2007). The biosynthetic genes and genetic factors that regulate the
expression of SGAs are not fully understood. Generally the biosynthesis of these
compounds starts from acetyl CoA and the pathway includes two segments. In primary
metabolism, 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGR) catalyzes the
formation of mevalonic acid. Two farnesyl diphosphate molecules are condensed by
squalene synthase (SQS) to form squalene, which undergoes further epoxidation to 2,3oxidosqualene (Suzuki and Muranaka, 2007). Cycloartenol synthase converts 2,3oxidosqualene into cycloartenol, which is the main sterol found in plants. Then, in
secondary metabolism cholesterol converts into solanidine (Kaneko et al., 1977). That
compund is the precursor of α-chaconine and α-solanine, which are the most common
SGAs in the potato species (Canonica and Ronchetti, 1977).
Recent research on the SGA biosynthetic pathway found that two genes which
encode cytochrome P450 monooxygenases (CYP72A208 and CYP72A188) can catalyze
the 26- and 22-hydroxylation steps, respectively (Schaller, 2004; Ginzberg et al., 2009).
These knockdown plants were shown to have lower amounts of glycoalkaloid than the
control under both dark and light conditions and did not sprout during storage (Umemoto
et al., 2016). This result is similar to our finding for the FHT-RNAi periderm but
opposite to the CYP86A33-RNAi periderm. The mechanisms of how these genes relate to
the glycoalkaloid biosynthesis pathway are still unclear.
One of the possible reasons for our findings in CYP-RNAi samples might be that
silencing of the CYP86A33 gene causes the compensatory gene regulation by another
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gene in the cytochrome P450 monooxygenase family (e.g., CYP72A208 or CYP72A188).
So the overexpression of CYP72A208 or CYP72A188 could then produce more SGA
accumulation. But this hypothesis needs further experiments to be confirmed. For
example, it is possible to examine the expression pattern of CYP72A208 or CYP72A188
genes after silencing of CYP86A33, using a fluorescent protein test to check the changed
amounts of different CYP enzymes.
What’s more, it is germane to note that the biosynthesis of SGAs occurs mainly in
the phelloderm cell layers of the potato tuber (Krits et al., 2007). The reason why FHTRNAi potato samples show lower amounts might be because of the disorganized cell wall
phellem layer and enhanced water permeability of their suberin structures, which cannot
keep and maintain SGAs as well as the wild-type variety. To test this hypothesis, one
could cover the surface of the potato tuber with a material such as self-associated suberin
film or waxes. Then it would be possible to test the change in SGA level after storage for
a few days by comparing the FHT-RNAi potato samples with and without the covering
material.
5.2 Suberin Applications
Suberin is usually abundant in periderm and suberized cells in cork (Quercus
suber) bark, potato tubers and root epidermis. As in the prior cited publications and
demonstrated herein, it contains sterols, phenolic compounds, hydroxy and epoxy
derivatives of fatty acids that represent a potential source of green chemicals. Some of
these compounds are relatively rare in nature (e.g., isocyanate monomers) (Cordeiro et
al., 1999), whereas others of them are well known in terms of their biological activity
(Krasutsky et al., 2002). For instance, sterols may reduce cholesterol problems (Awad et
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al., 2003) or influence cancer proliferation (Block et al., 2004). At present, however,
many of these constituents are simply burned for energy production.
With growing interest and practical requirements for natural products, more and
more highly adaptable, renewable and sustainable materials have been developed
worldwide for a large number of industrial applications (Pereira, 2007). Suberin has
specific properties such as preventing water loss from the tissues as well as resisting
bacterial and fungal infections, thus conferring great potential for new applications. Many
of these technical properties mimic the original functions of suberized cells in plants, and
derive from the presence of suberin in their cell walls. For instance, suberin fatty acids
were shown to improve significantly the water vapor imperviousness of cellulose-based
films (Heinämäki et al., 2015). Suberin extracts (hydroxycarboxylic acids) can promote
anti-wrinkle action in human skin (Coquet et al., 2005). Suberin has also been regarded
as an inspiring source for biomimetic materials, including “superhydrophilic” and
“superhydrophobic” surfaces (Koch and Barthlott, 2009). Suberin oligomers in the case
of ‘Waterless’ ink act as additives to offset printing inks, potentially replacing other waxy
materials like PTFE oligomers (Cordeiro et al., 2000). The particular applications that
drive the separation and purification of these extracted compounds will typically match
the requirements of pharmaceutical or other industries. A promising new technology uses
ionic liquid media that can extract suberin without any chemical additives or purification.
The suberin macromolecules undergo self-association on the casting surface, forming a
waterproof, moderately hydrophobic, and bactericidal film (Garcia et al., 2014).
Additional exciting applications are likely to be forthcoming in the future.
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